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Photovoltaic devices based on perovskite materials have a great potential to become an exceptional
source of energy while preserving the environment. However, to enter the global market, they
require further development to achieve the necessary performance requirements. The environmental
performance of a pre-industrial process of production of a large-area carbon stack perovskite module
is analyzed in this work through life cycle assessment (LCA). From the pre-industrial process an ideal
process is simulated to establish a benchmark for pre-industrial and laboratory-scale processes. Perov-
skite is shown to be the most harmful layer of the carbon stack module because of the energy
consumed in the preparation and annealing of the precursor solution, and not because of its Pb con-
tent. This work stresses the necessity of decreasing energy consumption during module preparation
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Photovoltaics (PV) represent a potential technology to mitigate the climate change and other pollution
consequences while obtaining energy to power human activity (Chu et al., 2017). Nowadays, PV technolo-
gies based on halide perovskites have chiefly been developed at the laboratory scale, where it has raised
much interest among the scientific community (Assadi et al., 2018). Its development is addressed in multi-
ple ways: decreasing costs of production, enhancing its poor lifespan, guaranteeing safety despite its lead
content or substituting it for another less toxic element, and producing them at industrial scale while main-
taining high power conversion efficiency (PCE) (Chen et al., 2015; Fang et al., 2016; Zhang et al., 2016a).
Thus far, there has been a fast progression in efficiencies that over 20% efficient perovskite solar cells
(PSC) have been obtained in several laboratories around the world (Bi et al., 2016; Saliba et al., 2018,
2016; Shin et al., 2017; Tan et al., 2017; Yang et al., 2017). Nevertheless, for bringing PSCs to commercial-
ization and launching them into the global market, as several companies aim to do (Edis, 2015; Gifford,
2015; Peleg, 2015; Sherahilo, 2018), paramount parameters encompass low cost, large area, high
throughput, high solar-to-energy PCE, reproducibility, cost performance, long lifetime, and low environ-
mental impact (Qiu et al., 2018).
The mainstream architecture and deposition techniques used in laboratories cannot be easily translated to
larger substrates. For example, spin-coating or anti-solvent deposition methods present a large waste of
material and a difficult implementation in large scale (Baker et al., 2017b; Jiang et al., 2018), besides leading
to an increase of environmental impacts (Alberola-Borra`s et al., 2018b). On the other hand, some materials
used in several laboratory configurations such as spiro-MeOTAD or Au should be avoided for their high
cost, reduced stability, and high environmental burden (Alberola-Borra`s et al., 2018a; Meroni et al.,
2018). Consequently, new architectures have been investigated to overcome these limitations. Architec-
tures in which the perovskite is deposited through slot die (Burkitt et al., 2018; Cotella et al., 2017; Schmidt
et al., 2015), blade coating (Baker et al., 2017b; Di Giacomo et al., 2015; Matteocci et al., 2014), and solvent-
free pressure processing (Chen et al., 2017) are discarded because they still need an evaporatedmetal con-
tact to complete the device or have low efficiencies (<5%). At the same time, a laminated device with a
metal grid poly(3,4-ethylenedioxythiophene)polystyrene (PEDOT:PSS) cathode has been reported with
an efficiency over 10% (Bryant et al., 2014a; Di Giacomo et al., 2015; Hooper et al., 2015), but the lifetime
of this has not yet been proven. On the other hand, a large-area module based on a fully printed mesopo-
rous stack, using carbon as cathode, has been reported, exhibiting low cost, high throughput, and high542 iScience 9, 542–551, November 30, 2018 ª 2018 The Author(s).
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stability (Baker et al., 2017a; Cai et al., 2017; Mei et al., 2014). In this configuration, the use of the expensive
and unstable Spiro-MeOTAD and gold are avoided. As such, it is viewed as one of the closest to commer-
cialization (Cai et al., 2017; Moulder et al., 1992). Perovskite is infiltrated into a semiconducting scaffold of
mesoporous titania (m-TiO2), an insulating scaffold of mesoporous zirconia (m-ZrO2), and a cathode of car-
bon, whose porosity is crucial to control crystallization of the perovskite over a large area (Cotella et al.,
2017). These layers are deposited through screen printing, which enables reproducibility in large-area sub-
strates (Philip et al., 2016; Yasin et al., 2016). Despite the fact that infiltration of the precursor solution is
usually conducted manually, recently an automated system to deposit the perovskite with a robotic
dispenser and a mesh has demonstrated more homogeneous depositions on large areas (Meroni et al.,
2018) and modules with active areas of up to 198 cm2 have been reported (De Rossi et al., 2018). Further-
more, this configuration with a proper encapsulation exhibits outstanding lifetimes beyond 1 year (Grancini
et al., 2017). By using different perovskite compositions in this carbon stack an efficiency close to 16% has
been reached (Zhang et al., 2017c). Yet, tuning the perovskite composition with formamidinium, cesium,
methylammonium, iodide, and bromide ions has led to adverse environmental consequences due to an
increased amount of reagents (Alberola-Borra`s et al., 2018b). Another advantage of the process is the us-
age of an ultra-fast annealing process with near-infrared radiation technique (Hooper et al., 2014). Howev-
er, fluorine-doped tin oxide (FTO) remains the most expensive material in the structure (Park et al., 2016).
In addition to efficiency and cost issues, the environmental impact of the devices should be considered in
the future implementation of this technology. The toxicity of lead embedded in perovskite remains one of
themain concerns of PSCs since their early days (Park et al., 2016; Qiu et al., 2018; Rajagopal et al., 2018). Pb
is notorious for its detrimental effects in the human body (Fewtrell et al., 2003; Qiu et al., 2018). Its
damaging activity consists in the mimicry of the essential ions Ca, Zn, and Fe involved in biological pro-
cesses (Babayigit et al., 2016b; Klaassen, 1980). Nonetheless, different studies have assured that its pres-
ence in PSCs should not pose a restrictive concern for its commercialization (Hailegnaw et al., 2015; Hauck
et al., 2017). In fact, emissions of Pb stemming from other established applications are higher than those
related to PSCs, such as lead-acid batteries, crystalline solar cell panels (during its production), and
weather-proofing lead sheets on roofs (Gottesfeld and Pokhrel, 2011; Hauck et al., 2017). Still, PSCs
embedded in consumer electronics or portable systems may find a barrier in the European market through
the ‘‘RoHS Directive’’ (European Parliament, 2011), as it restricts the use of lead to 0.1% for homogeneous
materials (Kadro and Hagfeldt, 2017). Several solutions to mitigate the detrimental effect of lead in PSCs
have been proposed by the scientific community, such as designing safe production processes to prevent
harmful consequences due to handling of Pb (Hauck et al., 2017) and efficient recycling processes for Pb as
well as for the rest of the materials present in the solar cell (Chen et al., 2014; Kadro and Hagfeldt, 2017;
Rajagopal et al., 2018; Zhang et al., 2016b). In parallel, Pb-free PSCs are under development using either
Sn or Bi as substitutes (Abate, 2017; Jain et al., 2018; Liu et al., 2017), but their efficiencies are still quite
low, and benefits in the environment, derived from the usage of these elements instead of Pb, are in doubt
(Babayigit et al., 2016a; Serrano-Lujan et al., 2015).
A significant number of studies based on life cycle assessment (LCA) have been conducted to support PSCs
on its way to commercialization. Some previous LCA studies, oriented toward the commercialization of
perovskite PV modules, evaluated some techniques suitable for low-cost manufacturing. For instance,
an LCA analyzing from cradle to gate two perovskite devices using spray and co-evaporation methods
was reported (Celik et al., 2016). In contrast, the first LCA applied to PSCs compared two deposition
methods, spin-coating and evaporation (Espinosa et al., 2015). Other LCAs likewise analyze laboratory-
scale devices to find weak points and possible improvements from an early stage of PSC development (Al-
berola-Borra`s et al., 2018a; Gong et al., 2015; Zhang et al., 2017a). Another LCA contrasting different con-
figurations of Si/perovskite tandems concludes that the best configuration was free of spiro-MeOTAD and
used Al instead of noble metals (Monteiro Lunardi et al., 2017). More analyses based on LCA contrast a
handful of configurations of tandems with perovskite (Celik et al., 2017a, 2017b; Hauck et al., 2017; Itten
and Stucki, 2017). LCA has been directly applied to the perovskite layer to contrast various compositions
combining different cations and anions (Alberola-Borra`s et al., 2018b). Similarly, different PSCs containing
different perovskite compositions are compared in two studies (Ibn-Mohammed et al., 2017; Zhang et al.,
2017b). The substitution of Pb for Sn in the perovskite layer is also analyzed in several studies (Babayigit
et al., 2016a; Celik et al., 2017b; Serrano-Lujan et al., 2015). To the best of our knowledge, an LCA study
directly applied to an industrial process of production of large-area PV modules based on perovskite
has not been performed to date.iScience 9, 542–551, November 30, 2018 543
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Figure 1. Aggregated Impacts of Each Layer of the Carbon Stack Perovskite Module, Sorted by Impact
CategoriesIn this work, the environmental performance of a perovskite module, based on the carbon mesoporous
stack architecture and produced with a pre-industrial process, is analyzed via LCA, from cradle to gate,
to determine the major environmental impacts of each manufacturing step. This pre-industrial process is
intended to be a preliminary step toward commercialization of perovskite modules. Remarkably, the en-
ergy consumptions of all equipment were directly measured and turned out to cause the most significant
portion of environmental impact. The investigated process is based on a high-throughput process of pro-
duction of a large-area module (hereafter referred to as pre-industrial module), reported in a previous work
(De Rossi et al., 2018), to which some alterations are implemented (Baker et al., 2017a). Usage of data stem-
ming from a pre-industrial process provides a good approach of the environmental impact that will
generate a real process. In addition, an ideal industrial process of production, based on the pre-industrial
one (hereafter referred to as the ideal module), is simulated (not directly measured) and environmentally
assessed. In the ideal industrial process, energy consumption of some steps and usage of some materials
are optimized with respect to those in the pre-industrial process, as it should be expected for the ideal im-
plementation of a production line. We define an ideality coefficient that quantifies how close a given fabri-
cation procedure is to the ideal process, in terms of environmental impacts. Finally, the progress attained
by the large module produced via this pre-industrial process with respect to a small PSC produced by
means of the most extended laboratory-scale process pertaining to a previous phase of development
(hereafter referred to as laboratory-scale PSC) is illustrated via comparison of its ideality coefficient (Alber-
ola-Borra`s et al., 2018a).RESULTS AND DISCUSSION
LCA of Pre-industrial Module
Environment wise, the production of a perovskite PV module with a carbon stack architecture (pre-indus-
trial module) is scrutinized to elucidate its main weaknesses. For this purpose, the impact of each of the
layers of the module is estimated for all the categories considered for this study, which is shown in Figure 1.
Impacts of each layer are divided by the overall impact of the module. To make them comparable, impacts
of each layer are aggregated per category. More information about how the environmental impacts are
obtained can be found in Transparent Methods, and Tables S1 and S4–S9 in the Supplemental Information.
Distribution of impacts in Figure 1 exposes that the perovskite layer presents the biggest impact among all
layers. Its contribution is superior to that of the rest of the layers, except in photochemical oxidation (POP)
category. For most of the categories, the contribution of the perovskite layer is superior to 50%. In contrast,
for ozone layer depletion (ODP), POP, and acidification (AP) categories, the impact of perovskite layer is
below 50%. Most of the impact of the perovskite layer stems from the use of energy flow, except for the
abiotic depletion (ADP) category where it mostly stems from the materials flow. Both heating up and an-
nealing processes involved in the perovskite deposition contribute similarly to the impact. Both high544 iScience 9, 542–551, November 30, 2018
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Figure 2. Aggregated Impacts of the Carbon Stack Perovskite Module, Sorted by Impact Categoriesconsumptions originate from a forced convection generated to assist perovskite crystallization during the
annealing process and a process of heating of perovskite reagents carried out in a hot plate, which needs
optimization. Thus, a reduction of its impact should be among the next goals to improve the sustainability
of the pre-industrial process. For instance, the amount of precursor reagents could be reduced with an
automatic deposition using a robot and a mesh, instead of depositing it manually (Meroni et al., 2018).
A reduction of the energy required for heating up the precursor solution at 70C and annealing the perov-
skite layer—e.g., via heat recovery and other methods for reducing the crystallization time—would also be
necessary.
For the POP category, the most adverse layer is the blocking layer, accounting for more than 90% of the
total. For this category, the impact mostly stems from the emissions. The most harmful compound emitted
is isopropanol. The impact of blocking layer is also significant for the rest of the categories alongside the
anode + substrate layer, whose contribution is above 10% in most of them. Use of energy and materials are
the main responsible flows of their impact. Moreover, impact of the cathode is also noticeable.
To assist the analysis of the pre-industrial module, the distribution of impacts for each of the impact flow is
depicted in Figure 2 for all categories. Materials, use of energy, amount of transportation, and emissions
flows are included in this analysis. Impacts of each flow are divided by the total impact to obtain the per-
centage of contribution.
When the impact of the four types of flows are compared in Figure 2, the use of energy is seen to be
the most detrimental for abiotic depletion (fossil fuel) (ADPF), climate change (GWP), AP, eutrophication
(EP), cumulative energy demand (CED), human toxicity (cancer effects) (HTC), human toxicity (non-can-
cer effects) (HTNC), and freshwater ecotoxicity (FET) categories, varying between 69.1% and 90.2%. As
well as it happens in Figure 3, impacts of those categories mainly stems from the perovskite layer, in
particular from the heating up of the precursor solution and annealing of the film.
In contrast, for ADP and ODP the most harmful flow is materials, which ranges from 56.7% to 92.6%. For
ADP category, lead iodide reagent for the perovskite production is the most harmful material: its impact
is one order of magnitude higher than methylammonium iodide (MAI), two orders of magnitude higher
than 5-ammonium valeric acid iodide (AVAI), and three orders of magnitude higher than the solvent g-bu-
tyrolactone (GBL). Meanwhile, for ODP the main material responsible for the impact is not as clear, since all
layers contribute roughly the same. For the POP category, the contribution of emissions flow is higher than
90%, due to the release of isopropanol used copiously as a carrier to enable the blocking layer deposition
via spray.
As the materials chosen are an important concern for the production of PV devices and their impact is usu-
ally hidden by that of the use of energy flow, we focus on the materials used for the production of the pre-
industrial module. The impact of each compound used is divided by the total impact of the materials flow
and displayed in Figure 3, sorted by categories. As the impacts of some of the compounds depicted are too
little to be appreciated in the chart, they are aggregated in a single group (others), which comprisesiScience 9, 542–551, November 30, 2018 545
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Figure 3. Aggregated Impacts of Material Inputs of the Carbon Stack Perovskite Module, Sorted by Impact
CategoriesTiAcAc, TiO2, ethylcellulose, 2-(2-butoxyethoxy) ethyl acetate, nitrocellulose, AVAI, polyethylene tere-
phthalate, zirconia, and carbon. On the other hand, contributions of the impact of FTO, glass substrate,
isopropanol, a-terpineol, PbI2, MAI, and GBL are shown individually.
The glass substrate, accounting for the largest fraction of the mass of the pre-industrial module, represents
the most detrimental material. Its contribution is above 43% for all categories, except for ADP (slightly
below 20%) and ODP. For the ADP category, the most harmful material, contributing nearly 60% to this
category, is the PbI2 used as reagent for the perovskite synthesis. The reason behind such contribution
lies in the fact that a large amount of it is used and its impact per kilogram is high. Isopropanol and
a-terpineol solvents have a significant contribution to the overall impact. Terpineol is especially detri-
mental for ODP category, where it represents nearly 67% of the total. On the other hand, mass of isopro-
panol used per kWh is the highest of all materials, i.e., 0.0908 kg/kWh. Impact of MAI is relatively modest
except for ADP category, where it represents more than 20%. Moreover, GBL impacts are appreciable for
every category. In consequence, the aggregate of compounds involved in the synthesis of perovskite (PbI2,
MAI, GBL) is higher than 10% for ADP, GWP, EP, CEDHTC, HTNC, and FET. This fact reinforces the need for
reducing the usage of reagents for the synthesis of perovskite as pointed out in the analysis in Figure 2.Ideality Analysis
Minimization of material and energy consumption establishes the ideal scenario to decrease the environ-
mental impacts caused by a device fabrication. Here, we define an ideality coefficient that quantifies how
close a given fabrication procedure is to the ideal process, in percentage. Note that a technology requires
an ideal coefficient as high as possible to reduce as much as possible the environmental impacts. However,
no technological process can reach 100% ideality coefficient, as no technology can produce zero waste ma-
terial and consume just the thermodynamic limit energy. This coefficient is depicted in percentages for
both the pre-industrial module and the laboratory-scale PSC in Figure 4. Its value is the result of dividing
the impact of the ideal process by the impact of the process to compare. For this analysis, the most funda-
mental categories are only used to ease its performance and thus its comprehension. As previously dis-
cussed and according to the data reported in Figure 1, the most concerning layers of the pre-industrial
module are the anode + substrate, the blocking layer, and the perovskite, so these are the only layers
included in the analysis. To assess in great detail these layers, this analysis is combined with the relative
impacts—sorted by type of flow—of both the carbon stack module produced at pre-industrial scale and
the PSC produced at the laboratory scale. The impact of each flow type pertaining to each layer is resized
and aggregated to fit in the corresponding percentage of ideality coefficient. Results are sorted by device,
by category, and finally by layer, where those of the anode + substrate layer (Figure 4A) are depicted from
0% to 100% and those of the blocking and perovskite layers (Figure 4B) are depicted from 0% to 1%. Further546 iScience 9, 542–551, November 30, 2018
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Figure 4. Ideality Coefficient for the Carbon Stack Module Produced with a Pre-industrial Process and the PSC Produced with a Process in the
Laboratory Environment
The ideality coefficient quantifies how close a given fabrication procedure is to the ideal process, in percentage; its value is the result of dividing the impact
of the ideal process by the impact of the process to compare. Relative impacts from pre-industrial module, PSC at laboratory scale, and ideal process, sorted
by impact categories and layers: (A) anode + substrate, (B) blocking and perovskite layer.
See also Figures S1 and S2 in the Supplemental Information.information about how these outcomes are obtained can be found in Tables S1–S9 and the Transparent
Methods section in the Supplemental Information.
From the results in Figure 4, it is observed that the pre-industrial module reduces significantly all im-
pacts, with ideality coefficients reaching values as high as 89.5% for ADP. In the anode + substrate
layer, the pre-industrial process reaches the highest ideality coefficients among the three layers
analyzed, where the pre-industrial device ranges from 55.8% to 89.5%. It is important to bear in
mind that the cleaning step has been removed for the anode + substrate with respect to the process
performed in the laboratory, which is the cause of the reduction in the impact of this layer. Remark-
ably, impacts derived from anode + substrate layer of both pre-industrial and ideal processes are
almost alike, indicating that further optimization of the pre-industrial process should focus on the
blocking layer and especially the perovskite layer. Theoretical optimization of materials and energy
in the ideal process is the reason why ideality coefficient of the pre-industrial process is not closer
to 100%. The materials flow is the most responsible for the impact of the anode + substrate, followed
by the energy for all categories except ADP. The high values of the ideality coefficient of the pre-
industrial process contrast with those of the laboratory-scale PSC, which does not surpass 3.0% (about
30-fold less), which reinforces the progression made by the pre-industrial process for the anode +
substrate layer.
Ideality coefficients for the blocking layer are significantly lower, ranging from 0.51% to 0.83% for the
pre-industrial process, where the highest ideality coefficient pertains to the HTNC category. However,
it is far from the ideal process, mostly due to the use of energy flow for the blocking layer. For the block-
ing layer, a significant optimization of both materials and use of energy flows is recommended to
improve ideality. For instance, depositing this layer by screen printing would result in the optimization
of TiAcAc solution and a decrease in the usage of energy, as it happens for the mesoporous layers in
the pre-industrial process. Furthermore, a reduction in the thickness of the blocking layer to 8 nm is
feasible, via electrophoretic deposition method, with a subsequent reduction in materials (Li et al.,
2015). Other deposition methods such as spray-cast and semi-automatic spray pyrolysis might pose aniScience 9, 542–551, November 30, 2018 547
alternative for the industrial manufacture of the carbon-stack perovskite module (Bishop et al., 2017;
Kry´sova´ et al., 2018). For the laboratory-scale process, ideality coefficients fluctuate between 0.0043%
and 0.0143%, which are well below those of the pre-industrial one (about 58-fold less). Therefore, for
the blocking layer the pre-industrial process is less harmful, which highlights the advancement it has
achieved.
In addition, results reveal that the process of deposition of perovskite is the least optimized, narrowly fol-
lowed by the blocking layer. Its ideality coefficients vary between 0.06% for the ADP category and 0.09% for
GWP, CED, HTC, and HTNC categories. The highest amount of energy consumed for the pre-industrial
process, to prepare the solution and to anneal the deposited layer, is responsible for these striking results
because use of energy is the most detrimental flow for this layer. Therefore, finding an alternative, such as
heating with near-infrared radiation (Baker et al., 2017a; Hooper et al., 2014), especially for the annealing
step, should be fundamental to reduce the impact of this process to that of the ideal process and get it off
the ground. Alternatively, using other heating techniques needing shorter operational times such as near-
infrared radiation (Bryant et al., 2014b; Troughton et al., 2015), photonic flash-annealing (Troughton et al.,
2016), and high-temperature, short-time annealing processes (Kim et al., 2017) could optimize the environ-
mental performance of the perovskite layer. When compared with those of the laboratory-scale PSC, ide-
ality coefficient values of the pre-industrial device are notably higher (about 8-fold higher), despite the fact
that both processes are far from ideality, pointing out the improvement already achieved. The overall out-
comes of the study are provided in Tables S10–S12 of the Supplemental Information.
Conclusions
A cradle-to-gate LCA of a pre-industrial process of production of a large-area perovskite module based on
a carbon stack architecture is assessed. An ideality coefficient is obtained to evaluate the level of optimi-
zation of the pre-industrial module, which shows overall encouraging results. This ideality coefficient of the
pre-industrial process is compared with that of a mesoporous structured PSC produced in the laboratory
environment and with an extrapolated ideal situation in which material and energy consumption is
minimized.
The perovskite layer is found to be the layer with the greatest impact on the pre-industrial module, mainly
due to the energy consumed in the preparation and annealing of the precursor solution, rather than the Pb
content, which raises a greater concern. This step is highly amenable to optimization.
Ideality coefficients of the pre-industrial process show a significant improvement regarding environmental
impacts for themost relevant layers, namely, the FTO-glass substrate, the compact TiO2 blocking layer, and
the perovskite. The first one generates low impacts, and is already close to optimal, whereas the energy
consumptions of the perovskite and blocking layers are still too high and must be reduced.
Limitation of the Study
This study presents the environmental impacts of a large-area perovskite PV module produced with a pre-
industrial process, which are obtained by a LCA. Due to the novel state of development of this process,
encapsulation and contacts of the resulting PV module are not definite to date. Therefore, they were not
included in the system analyzed herein. In parallel, some other assumptions were taken, such as the sub-
strate and the anode are deposited right before the module deposition, and thus there is no need of
applying a cleaning process onto them. The stability and efficiency of the PV devices based on perovskite
can be significantly improved in the near future. However, in this study, their current empirical values are
utilized. The LCA is performed from cradle to gate, therefore usage and end-of-life phases are not included
in this work. Finally, among all the existing processes to produce large-scale perovskite PV modules, this
study tackles the closest process to commercialization.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Transparent Methods, 4 figures, 14 tables, and 1 data file and can be
found with this article online at https://doi.org/10.1016/j.isci.2018.10.020.548 iScience 9, 542–551, November 30, 2018
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Supplemental Figures 
Ideality coefficient is defined in the Results and Discussion section of the main manuscript. In 
Figure S1 a wider analysis of the ideality coefficient is shown, which includes all the categories. 
 
Figure S1 Ideality coefficient for the carbon stack module produced with a pre-industrial process and the PSC 
produced with a process in the laboratory environment. The ideality coefficient quantifies how close a given 
fabrication procedure from the ideal process is, in percentage; its value is the result of dividing the impact of the 
ideal process by the impact of the process to compare. In the vertical axis are the impact categories selected, 
related to Figure 4 
In order to compare in great detail the carbon stack module produced at pre-industrial scale, 
the PSC produced at lab scale and the module produced with the ideal process, relative 
impacts of these three devices are displayed in Figure S2. For this analysis, the most 
fundamental categories are only used to ease its performance and thus its comprehension. 
Outcomes of this chart are obtained by dividing the impact of each device by the maximum 
impact within the same category and the same layer. Afterwards, the impact of each flow type 
pertaining to each layer is resized and aggregated to fit in the corresponding percentage of 
relative impact. Results are sorted by device, by category and finally by layer. Moreover, 
impacts of the most harmful device within the same category and the same layer have a value 
of 100%, whereas for the other two devices the percentage respect this device is shown. As 
previously discussed and according to the data reported in Figure 1 of the main manuscript, 
the most concerning layers of the pre-industrial module are the anode + substrate, the 
blocking layer and the perovskite, so these are the only layers included in the analysis. 
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Figure S2 Relative impacts from pre-industrial module, PSC at laboratory scale and ideal process, sorted by 
impact categories and layers: anode + substrate, blocking and perovskite layer, related to Figure 4 
Supplemental Tables 
Perovskite module with a carbon stack configuration  
Table S1 Inventory of the carbon stack perovskite photovoltaic module, related to Figures 1–4 
Layer Input/Output Amount Unit 
Anode (FTO) + 
Substrate 
(glass) 
Fluorine doped Tin Oxide 0.0211 g/kWh 
Glass 27.0 g/kWh 
FTO sputtering, medium voltage 1.18·10⁻⁵ MJ/kWh 
Laser substrate etching, medium voltage 0.0466 MJ/kWh 
Transportation burden by lorry 7.48·10⁻³ km·T/kWh 
Blocking layer 
Titanium di-isopropoxide bis(acetylacetonate) 0.488 g/kWh 
Isopropanol 3.63 g/kWh 
Air compression 7.97·10⁻⁶ m3/kWh 
Annealing at 550 ºC for 30 min (allocated), medium voltage 0.217 MJ/kWh 
Emissions – Acetylacetone 0.796 g/kWh 
Emissions – Isopropanol 3.79 g/kWh 
Transportation burden by lorry 1.13·10⁻³ km·T/kWh 
Semi 
conducting 
scaffold 
Titania nanoparticles 0.0199 g/kWh 
Ethyl cellulose 0.0100 g/kWh 
2-(2-Butoxyethoxy) ethyl acetate 0.0199 g/kWh 
Terpineol 0.0586 g/kWh 
Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 
Annealing at 550 ºC for 30 min (allocated), medium voltage 8.85·10⁻³ MJ/kWh 
Emissions – Titanium dioxide 4.98·10⁻³ g/kWh 
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Anode + Substrate Blocking layer Perovskite
(%
) 
Materials Use of energy Amount of transportation Emissions
 Emissions – Ethyl cellulose 3.34·10⁻³ g/kWh 
Emissions – 2-(2-Butoxyethoxy) ethyl acetate 0.0199 g/kWh 
Emissions – Terpineol 0.0586 g/kWh 
Emissions – Carbon dioxide 0.0138 g/kWh 
Emissions – Water vapour 4.95·10⁻³ g/kWh 
Transportation burden by lorry 2.49·10⁻⁵ km·T/kWh 
Transportation burden by freight ship 2.08·10⁻³ km·T/kWh 
Insulating 
scaffold 
Zirconia 0.0401 g/kWh 
Ethyl cellulose 0.0134 g/kWh 
Terpineol 0.0802 g/kWh 
Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 
Annealing at 400 ºC for 30 min (allocated), medium voltage 0.0460 MJ/kWh 
Emissions – Zirconium dioxide 0.0100 g/kWh 
Emissions – Ethyl cellulose 3.34·10⁻³ g/kWh 
Emissions – Terpineol 0.0802 g/kWh 
Emissions – Carbon dioxide 0.0186 g/kWh 
Emissions – Water vapour 6.65·10⁻³ g/kWh 
Transportation burden by lorry 1.63·10⁻⁴ km·T/kWh 
Cathode 
Carbon 0.133 g/kWh 
Nitrocellulose 0.0222 g/kWh 
Terpineol 0.0667 g/kWh 
Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 
Annealing at 400 ºC for 30 min (allocated), medium voltage 0.153 MJ/kWh 
Emissions – Carbon 0.0334 g/kWh 
Emissions – Nitrocellulose 5.56·10⁻³ g/kWh 
Emissions – Terpineol 0.0667 g/kWh 
Emissions – Carbon dioxide 0.0148 g/kWh 
Emissions – Water vapour 3.54·10⁻³ g/kWh 
Emissions – Nitrogen dioxide 7.75·10⁻³ g/kWh 
Transportation burden by lorry 2.03·10⁻⁵ km·T/kWh 
Perovskite 
Lead Iodide 0.0525 g/kWh 
Methylammonium Iodide 0.0181 g/kWh 
5-ammonium valeric acid iodide 8.01·10⁻⁴ g/kWh 
γ-butyrolactone 0.135 g/kWh 
Precursor solution mixture, low voltage 5.38·10⁻³ MJ/kWh 
Annealing at 50 ºC for 60 min, medium voltage 0.426 MJ/kWh 
Emissions – Butyrolactone 0.135 g/kWh 
Transportation burden by lorry 4.86·10⁻⁵ km·T/kWh 
Transportation burden by freight 3.95·10⁻⁴ km·T/kWh 
Others 
Screen (polyethylene terephthalate) 1.05·10⁻³ g/kWh 
Transportation burden by lorry 3.75·10⁻⁷ km·T/kWh 
 
  
 Mesoporous PSC produced in the laboratory environment  
Just as it is considered for the carbon stack module, the active area is obtained by applying the 
fill factor, which determines the percentage of active area in respect of the overall area. This 
active area is then used to convert the amount of all inputs and outputs as a function of the 
unit of 1 kWh. 
Table S2 Inventory of a mesoporous PSC produce in the laboratory environment, related to Figure 4 
Layer Input/Output Amount Unit 
Anode (FTO) + 
Substrate 
(glass) 
Fluorine doped Tin Oxide 0.562 g/kWh 
Glass 695 g/kWh 
Metallic Zinc 3.19 g/kWh 
Hydrochloric acid 3.11 g/kWh 
Deionised water 164 g/kWh 
Ethanol 123 g/kWh 
Isopropanol 123 g/kWh 
Acetone 123 g/kWh 
Soap (Hellmanex) 4.48 g/kWh 
FTO sputtering, medium voltage 0.491 MJ/kWh 
Sonication, low voltage 0.961 MJ/kWh 
Ozone chamber, medium voltage 0.184 MJ/kWh 
Emissions – Ethanol 126 g/kWh 
Emissions – Isopropanol 125 g/kWh 
Emissions – Acetone 126 g/kWh 
Emissions – Chloride 0.906 g/kWh 
Transportation burden by lorry 0.981 km·T/kWh 
Electron 
transporting 
layer (ETM) 
Titanium dioxide 0.138 g/kWh 
Ethanol 4.03 g/kWh 
Spin coating (2000 rpm, 1 min), low voltage 0.327 MJ/kWh 
Heating (120 ºC, 10 min), low voltage 2.09 MJ/kWh 
Annealing (450 ºC, 4h), low voltage 10.3 MJ/kWh 
Emissions – Ethanol 4.03 g/kWh 
Transportation burden by lorry 4.11·10⁻³ km·T/kWh 
Scaffold 
Titanium dioxide 2.62 g/kWh 
Ethanol 1.96 g/kWh 
Spin-coating (4000 rpm, 60 s), low voltage 0.675 MJ/kWh 
Heating (80 ºC, 15 min), low voltage 1.88 MJ/kWh 
Annealing (450 ºC, 4 h), low voltage 10.3 MJ/kWh 
Emissions – Ethanol 1.96. g/kWh 
Transportation burden by lorry 4.15·10⁻³ km·T/kWh 
Hole 
transporting 
Spiro-MeOTAD 0.374 g/kWh 
Chlorobenzene 5.66 g/kWh 
 layer (HTM) Spin-coating (4000 rpm, 30 s), low voltage 0.348 MJ/kWh 
Emissions – Chlorobenzene 5.66 g/kWh 
Transportation burden by lorry 5.46·10⁻³ km·T/kWh 
Cathode 
Gold 0.0237 g/kWh 
Thermal evaporation, medium voltage 5.85 MJ/kWh 
Transportation burden by lorry 2.15·10⁻⁵ km·T/kWh 
Perovskite 
Lead Iodide 3.28 g/kWh 
Methylammonium Iodide 1.13 g/kWh 
γ-butyrolactone 6.61 g/kWh 
Stirring (100 ºC, 10 min) 0.0818 MJ/kWh 
Stirring (70 ºC, 30 min), low voltage 0.225 MJ/kWh 
Spin-coating (500 rpm, 5 s), low voltage 0.0204 MJ/kWh 
Spin-coating (2000 rpm, 60 s), low voltage 0.327 MJ/kWh 
Heating (100 ºC, 60 min), low voltage 0.409 MJ/kWh 
Emissions – γ-butyrolactone 6.61 g/kWh 
Transportation burden by lorry 9.99·10⁻³ km·T/kWh 
Others 
Nitrogen gas 2004 g/kWh 
Glove box, medium voltage 10.9 MJ/kWh 
Emissions – Nitrogen gas 2004 g/kWh 
Transportation burden by lorry 0.164 km·T/kWh 
 
  
 Ideal process of production of carbon stack perovskite modules  
Table S3 Inventory of the ideal process of production of the carbon stack perovskite module, related to Figure 4 
Layer Input/Output Amount Unit 
Anode (FTO) + 
Substrate 
(glass) 
Fluorine doped Tin Oxide 0.0190 g/kWh 
Glass 24.3 g/kWh 
FTO sputtering, medium voltage 1.06·10⁻⁵ MJ/kWh 
Transportation burden by lorry 6.73·10⁻³ km·T/kWh 
Blocking layer 
Titanium di-isopropoxide bis(acetylacetonate) 4.26·10⁻³ g/kWh 
Air compression 7.97·10⁻⁶ m3/kWh 
Annealing at 550 ºC for 30 min (allocated), medium voltage 1.89·10⁻³ MJ/kWh 
Transportation burden by lorry 1.00·10⁻⁶ km·T/kWh 
Semi 
conducting 
scaffold 
Titania nanoparticles 0.0149 g/kWh 
Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 
Annealing at 550 ºC for 30 min (allocated), medium voltage 6.65·10⁻³ MJ/kWh 
Transportation burden by lorry 3.42·10⁻⁶ km·T/kWh 
Transportation burden by freight ship 3.12·10⁻⁴ km·T/kWh 
Insulating 
scaffold 
Zirconia 0.0301 g/kWh 
Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 
Annealing at 400 ºC for 30 min (allocated), medium voltage 1.23·10⁻³ MJ/kWh 
Transportation burden by lorry 3.66·10⁻⁵ km·T/kWh 
Cathode 
Carbon 0.120 g/kWh 
Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 
Annealing at 400 ºC for 30 min (allocated), medium voltage 4.91·10⁻³ MJ/kWh 
Transportation burden by lorry 1.09·10⁻⁵ km·T/kWh 
Perovskite 
Lead Iodide 2.96·10⁻⁵ g/kWh 
Methylammonium Iodide 1.02·10⁻⁵ g/kWh 
5-ammonium valeric acid iodide 1.56·10⁻⁷ g/kWh 
Precursor solution mixture, low voltage 9.76·10⁻⁶ MJ/kWh 
Annealing at 50 ºC for 60 min, medium voltage 4.09·10⁻⁴ MJ/kWh 
Transportation burden by lorry 9.34·10⁻⁹ km·T/kWh 
Transportation burden by freight 2.16·10⁻⁷ km·T/kWh 
 
  
 Inventory of ethyl cellulose model  
Table S4 Inventory for 1 kg of ethyl cellulose, related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Cellulose fibre, inclusive blowing in 356.735 g 
Ethanol from ethylene 101.359 g 
Hydrochloric acid, from the reaction of hydrogen with chlorine 80.202 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 1.35·10⁻⁶ kWh 
Emissions to water 
Hydrogen chloride 80.202 g 
Water 39.603 g 
 
Inventory of α-terpineol model 
Table S5 Inventory for 1 kg of α-terpineol, related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Water, deionised 116.692 g 
Dichloromethane 550.611 g 
Hydrogen, liquid 25.935 g 
Acetone, liquid 753.053 g 
Acetylene 337.602 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 0.420 kWh 
Emissions to water 
Hydrogen chloride 236.366 g 
Water 116.692 g 
Organic chlorine compounds (unspecified) 431.03 g 
 
  
 Inventory of titanium di-isopropoxide bis(acetylacetonate) model  
Table S6 Inventory for 1 kg of titanium di-isopropoxide bis(acetylacetonate), related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Acetone, liquid, at plant 637.786 g 
Titanium tetrachloride 520.724 g 
Isopropanol 659.968 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 1.35·10⁻⁶ kWh 
Emissions to water 
2-Propanol 329.984 g 
Methane 87.849 g 
Hydrogen chloride 400.373 g 
 
Inventory of 5-ammonium valeric acid iodide 
Table S7 Inventory for 1 kg of 5-ammonium valeric acid iodide, related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Formic acid 187.828 g 
Butane-1,4-diol 367.49 g 
Ammonia, liquid 69.541 g 
Hydrogen, liquid 4.083 g 
Iodine 518.18 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 1.35·10⁻⁶ kWh 
Emissions to water 
Water 146.996 g 
 
 Inventory of 2-(2-butoxyethoxy) ethyl acetate model 
Table S8 Inventory for 1 kg of 2-(2-butoxyethoxy) ethyl acetate, related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Acetic acid from acetaldehyde 293.992 g 
Diethylene glycol 519.528 g 
1-butanol, propylene hydroformylation 362.874 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 1.35·10⁻⁶ kWh 
Emissions to air 
Oxygen 78.329 g 
Hydrogen 9.791  
Emissions to water 
Water 88.12 g 
 
Inventory of nitrocellulose model 
Table S9 Inventory for 1 kg of nitrocellulose, related to Figures 1–4 
Name Value Unit 
Materials/fuels 
Cellulose fibre 162.237 g 
Nitric acid 378.302 g 
Chemical plant, organics 4·10⁻¹⁰ p 
Electricity/heat 
Electricity, low voltage 1.35·10⁻⁶ kWh 
Emissions to water 
Water 243.183 g 
 
  
 Results 
Table S10 Environmental impacts results for the carbon stack produced with the pre-industrial process given per 
kWh of electricity produced, related to Figures 1–4 
 
ADP (kg 
Sb eq) 
ADPF 
(MJ) 
GWP (kg 
CO₂ eq) 
ODP (kg 
CFC-11 
eq) 
POP (kg 
C₂H₄ eq) 
AP (kg 
SO₂ eq) 
EP (kg 
PO₄³⁻ eq) 
CED (MJ) 
HTC 
(CTUh) 
HTNC 
(CTUh) 
FET 
(CTUe) 
Total 1.70·10⁻⁶ 2.25 0.165 1.75·10⁻⁸ 7.57·10⁻⁴ 9.23·10⁻⁴ 4.41·10⁻⁴ 3.57 1.05·10⁻⁸ 3.97·10⁻⁸ 1.36 
Raw Materials 1.66·10⁻⁶ 0.699 0.0445 1.14·10⁻⁸ 2.09·10⁻⁵ 3.52·10⁻⁴ 7.33·10⁻⁵ 0.799 1.43·10⁻⁹ 6.48·10⁻⁹ 0.140 
Anode + Substrate 3.71·10⁻⁷ 0.350 0.0294 2.82·10⁻⁹ 9.49·10⁻⁶ 2.83·10⁻⁴ 3.61·10⁻⁵ 0.388 6.92·10⁻¹⁰ 3.01·10⁻⁹ 0.0640 
Fluor Tin Oxide 3.14·10⁻⁷ 4.82·10⁻³ 3.27·10⁻⁴ 2.98·10⁻¹¹ 3.56·10⁻⁷ 8.10·10⁻⁶ 1.15·10⁻⁶ 6.76·10⁻³ 4.45·10⁻¹¹ 1.06·10⁻¹⁰ 2.62·10⁻³ 
Solar glass, low-iron 5.71·10⁻⁸ 0.345 0.0290 2.79·10⁻⁹ 9.14·10⁻⁶ 2.75·10⁻⁴ 3.50·10⁻⁵ 0.381 6.48·10⁻¹⁰ 2.90·10⁻⁹ 0.0614 
Blocking layer 1.79·10⁻⁸ 0.253 8.67·10⁻³ 4.87·10⁻¹⁰ 9.18·10⁻⁶ 3.80·10⁻⁵ 1.94·10⁻⁵ 0.267 2.51·10⁻¹⁰ 1.01·10⁻⁹ 0.0277 
Titanium 
diisopropoxide 
bis(acetylacetonate) 
4.71·10⁻⁹ 0.0458 2.00·10⁻³ 1.90·10⁻¹⁰ 1.79·10⁻⁶ 1.00·10⁻⁵ 4.06·10⁻⁶ 0.0492 6.91·10⁻¹¹ 3.21·10⁻¹⁰ 0.0116 
Isopropanol 1.32·10⁻⁸ 0.207 6.67·10⁻³ 2.96·10⁻¹⁰ 7.39·10⁻⁶ 2.80·10⁻⁵ 1.53·10⁻⁵ 0.218 1.81·10⁻¹⁰ 6.86·10⁻¹⁰ 0.0161 
Semi conducting 
scaffold 
6.44·10⁻¹⁰ 7.19·10⁻³ 3.90·10⁻⁴ 2.19·10⁻⁹ 1.19·10⁻⁷ 2.03·10⁻⁶ 5.97·10⁻⁷ 8.62·10⁻³ 1.90·10⁻¹¹ 7.62·10⁻¹¹ 1.76·10⁻³ 
Titanium dioxide, 
chloride process 
1.35·10⁻¹⁰ 1.44·10⁻³ 8.08·10⁻⁵ 1.90·10⁻¹¹ 1.74·10⁻⁸ 4.10·10⁻⁷ 2.35·10⁻⁷ 1.82·10⁻³ 4.33·10⁻¹² 2.38·10⁻¹¹ 7.27·10⁻⁴ 
Ethyl cellulose 4.25·10⁻¹¹ 8.20·10⁻⁵ 3.30·10⁻⁶ 1.56·10⁻¹² 2.28·10⁻⁹ 2.23·10⁻⁸ 1.01·10⁻⁸ 1.11·10⁻⁴ 3.54·10⁻¹³ 2.46·10⁻¹² 4.68·10⁻⁵ 
2-(2-butoxyethoxy) 
ethyl acetate 
1.67·10⁻¹⁰ 1.20·10⁻³ 4.52·10⁻⁵ 2.78·10⁻¹² 2.66·10⁻⁸ 1.43·10⁻⁷ 5.66·10⁻⁸ 1.32·10⁻³ 1.88·10⁻¹² 9.62·10⁻¹² 2.73·10⁻⁴ 
Terpineol 3.00·10⁻¹⁰ 4.47·10⁻³ 2.60·10⁻⁴ 2.16·10⁻⁹ 7.29·10⁻⁸ 1.45·10⁻⁶ 2.96·10⁻⁷ 5.37·10⁻³ 1.24·10⁻¹¹ 4.04·10⁻¹¹ 7.14·10⁻⁴ 
Insulating scaffold 1.19·10⁻⁹ 8.18·10⁻³ 5.17·10⁻⁴ 2.98·10⁻⁹ 1.36·10⁻⁷ 2.84·10⁻⁶ 8.27·10⁻⁷ 0.0104 2.92·10⁻¹¹ 1.38·10⁻¹⁰ 2.21·10⁻³ 
Zirconia 7.18·10⁻¹⁰ 1.95·10⁻³ 1.56·10⁻⁴ 1.08·10⁻¹¹ 3.32·10⁻⁸ 8.21·10⁻⁷ 4.08·10⁻⁷ 2.85·10⁻³ 1.17·10⁻¹¹ 7.89·10⁻¹¹ 1.17·10⁻³ 
Ethyl cellulose 5.71·10⁻¹¹ 1.10·10⁻⁴ 4.43·10⁻⁶ 2.09·10⁻¹² 3.06·10⁻⁹ 2.99·10⁻⁸ 1.36·10⁻⁸ 1.49·10⁻⁴ 4.75·10⁻¹³ 3.31·10⁻¹² 6.28·10⁻⁵ 
Terpineol 4.11·10⁻¹⁰ 6.12·10⁻³ 3.57·10⁻⁴ 2.96·10⁻⁹ 9.98·10⁻⁸ 1.99·10⁻⁶ 4.05·10⁻⁷ 7.36·10⁻³ 1.70·10⁻¹¹ 5.53·10⁻¹¹ 9.78·10⁻⁴ 
Cathode 9.18·10⁻¹⁰ 0.0161 6.40·10⁻⁴ 2.64·10⁻⁹ 1.20·10⁻⁷ 2.63·10⁻⁶ 4.91·10⁻⁷ 0.0172 1.84·10⁻¹¹ 7.28·10⁻¹¹ 1.37·10⁻³ 
Carbon 4.68·10⁻¹⁰ 0.0108 3.15·10⁻⁴ 1.74·10⁻¹⁰ 3.52·10⁻⁸ 8.81·10⁻⁷ 1.08·10⁻⁷ 0.0109 3.68·10⁻¹² 2.23·10⁻¹¹ 4.64·10⁻⁴ 
Nitrocellulose 1.08·10⁻¹⁰ 1.35·10⁻⁴ 2.82·10⁻⁵ 1.09·10⁻¹² 1.83·10⁻⁹ 9.03·10⁻⁸ 4.53·10⁻⁸ 1.63·10⁻⁴ 5.98·10⁻¹³ 4.48·10⁻¹² 9.72·10⁻⁵ 
Terpineol 3.41·10⁻¹⁰ 5.09·10⁻³ 2.97·10⁻⁴ 2.46·10⁻⁹ 8.30·10⁻⁸ 1.65·10⁻⁶ 3.37·10⁻⁷ 6.12·10⁻³ 1.42·10⁻¹¹ 4.60·10⁻¹¹ 8.13·10⁻⁴ 
Perovskite 1.26·10⁻⁶ 0.0647 4.90·10⁻³ 2.95·10⁻¹⁰ 1.87·10⁻⁶ 2.36·10⁻⁵ 1.58·10⁻⁵ 0.108 4.22·10⁻¹⁰ 2.17·10⁻⁹ 0.0427 
Lead iodide 8.90·10⁻⁷ 0.0438 3.50·10⁻³ 1.90·10⁻¹⁰ 7.03·10⁻⁷ 1.77·10⁻⁵ 1.23·10⁻⁵ 0.0768 3.20·10⁻¹⁰ 1.74·10⁻⁹ 0.0328 
Methylammonium 
iodide 
3.63·10⁻⁷ 0.0126 9.59·10⁻⁴ 5.78·10⁻¹¹ 1.06·10⁻⁶ 4.58·10⁻⁶ 2.90·10⁻⁶ 0.0216 8.44·10⁻¹¹ 3.48·10⁻¹⁰ 8.18·10⁻³ 
5-ammonium 
valeric acid iodide 
1.04·10⁻⁸ 6.08·10⁻⁵ 3.72·10⁻⁶ 5.72·10⁻¹³ 9.00·10⁻¹⁰ 1.50·10⁻⁸ 4.27·10⁻⁹ 6.79·10⁻⁵ 1.27·10⁻¹³ 7.81·10⁻¹³ 1.51·10⁻⁵ 
Gamma-
butyrolactone 
7.99·10⁻¹⁰ 8.29·10⁻³ 4.40·10⁻⁴ 4.73·10⁻¹¹ 1.05·10⁻⁷ 1.36·10⁻⁶ 5.70·10⁻⁷ 9.58·10⁻³ 1.73·10⁻¹¹ 8.17·10⁻¹¹ 1.68·10⁻³ 
Others 8.73·10⁻¹² 7.10·10⁻⁵ 2.80·10⁻⁶ 1.37·10⁻¹³ 6.19·10⁻¹⁰ 1.00·10⁻⁸ 3.44·10⁻⁹ 7.92·10⁻⁵ 1.59·10⁻¹³ 5.54·10⁻¹³ 1.32·10⁻⁵ 
Screen 
(polyethylene 
terephtalate) 
8.73·10⁻¹² 7.10·10⁻⁵ 2.80·10⁻⁶ 1.37·10⁻¹³ 6.19·10⁻¹⁰ 1.00·10⁻⁸ 3.44·10⁻⁹ 7.92·10⁻⁵ 1.59·10⁻¹³ 5.54·10⁻¹³ 1.32·10⁻⁵ 
Amount of 
transportation 
3.19·10⁻⁹ 0.0177 1.20·10⁻³ 1.93·10⁻¹⁰ 2.10·10⁻⁷ 6.99·10⁻⁶ 1.77·10⁻⁶ 0.0191 7.33·10⁻¹¹ 2.18·10⁻¹⁰ 4.82·10⁻³ 
Anode + Substrate 
transport 
2.69·10⁻⁹ 0.0147 9.92·10⁻⁴ 1.61·10⁻¹⁰ 1.62·10⁻⁷ 5.41·10⁻⁶ 1.44·10⁻⁶ 0.0158 6.11·10⁻¹¹ 1.82·10⁻¹⁰ 4.03·10⁻³ 
Anode + Substrate, 
lorry 
2.69·10⁻⁹ 0.0147 9.92·10⁻⁴ 1.61·10⁻¹⁰ 1.62·10⁻⁷ 5.41·10⁻⁶ 1.44·10⁻⁶ 0.0158 6.11·10⁻¹¹ 1.82·10⁻¹⁰ 4.03·10⁻³ 
Blocking layer 
transport 
4.06·10⁻¹⁰ 2.21·10⁻³ 1.50·10⁻⁴ 2.42·10⁻¹¹ 2.44·10⁻⁸ 8.16·10⁻⁷ 2.18·10⁻⁷ 2.38·10⁻³ 9.22·10⁻¹² 2.75·10⁻¹¹ 6.08·10⁻⁴ 
 Blocking layer, lorry 4.06·10⁻¹⁰ 2.21·10⁻³ 1.50·10⁻⁴ 2.42·10⁻¹¹ 2.44·10⁻⁸ 8.16·10⁻⁷ 2.18·10⁻⁷ 2.38·10⁻³ 9.22·10⁻¹² 2.75·10⁻¹¹ 6.08·10⁻⁴ 
Semi conducting 
scaffold transport 
1.10·10⁻¹¹ 3.45·10⁻⁴ 2.55·10⁻⁵ 3.07·10⁻¹² 1.61·10⁻⁸ 5.08·10⁻⁷ 5.84·10⁻⁸ 3.84·10⁻⁴ 9.50·10⁻¹³ 2.44·10⁻¹² 5.05·10⁻⁵ 
Semi conducting 
scaffold, lorry 
8.95·10⁻¹² 4.87·10⁻⁵ 3.30·10⁻⁶ 5.34·10⁻¹³ 5.38·10⁻¹⁰ 1.80·10⁻⁸ 4.80·10⁻⁹ 5.25·10⁻⁵ 2.03·10⁻¹³ 6.05·10⁻¹³ 1.34·10⁻⁵ 
Semi conducting 
scaffold, freight 
2.04·10⁻¹² 2.96·10⁻⁴ 2.22·10⁻⁵ 2.53·10⁻¹² 1.56·10⁻⁸ 4.90·10⁻⁷ 5.36·10⁻⁸ 3.31·10⁻⁴ 7.47·10⁻¹³ 1.83·10⁻¹² 3.71·10⁻⁵ 
Insulating scaffold 
transport 
5.85·10⁻¹¹ 3.19·10⁻⁴ 2.16·10⁻⁵ 3.49·10⁻¹² 3.52·10⁻⁹ 1.18·10⁻⁷ 3.14·10⁻⁸ 3.43·10⁻⁴ 1.33·10⁻¹² 3.96·10⁻¹² 8.76·10⁻⁵ 
Insulating scaffold, 
lorry 
5.85·10⁻¹¹ 3.19·10⁻⁴ 2.16·10⁻⁵ 3.49·10⁻¹² 3.52·10⁻⁹ 1.18·10⁻⁷ 3.14·10⁻⁸ 3.43·10⁻⁴ 1.33·10⁻¹² 3.96·10⁻¹² 8.76·10⁻⁵ 
Cathode transport 7.29·10⁻¹² 3.97·10⁻⁵ 2.69·10⁻⁶ 4.35·10⁻¹³ 4.38·10⁻¹⁰ 1.46·10⁻⁸ 3.91·10⁻⁹ 4.28·10⁻⁵ 1.65·10⁻¹³ 4.93·10⁻¹³ 1.09·10⁻⁵ 
Cathode, lorry 7.29·10⁻¹² 3.97·10⁻⁵ 2.69·10⁻⁶ 4.35·10⁻¹³ 4.38·10⁻¹⁰ 1.46·10⁻⁸ 3.91·10⁻⁹ 4.28·10⁻⁵ 1.65·10⁻¹³ 4.93·10⁻¹³ 1.09·10⁻⁵ 
Perovskite 
transport 
1.79·10⁻¹¹ 1.52·10⁻⁴ 1.07·10⁻⁵ 1.53·10⁻¹² 4.01·10⁻⁹ 1.28·10⁻⁷ 1.96·10⁻⁸ 1.66·10⁻⁴ 5.39·10⁻¹³ 1.53·10⁻¹² 3.32·10⁻⁵ 
Perovskite, lorry 1.75·10⁻¹¹ 9.52·10⁻⁵ 6.45·10⁻⁶ 1.04·10⁻¹² 1.05·10⁻⁹ 3.52·10⁻⁸ 9.38·10⁻⁹ 1.03·10⁻⁴ 3.97·10⁻¹³ 1.18·10⁻¹² 2.62·10⁻⁵ 
Perovskite, freight 3.88·10⁻¹³ 5.63·10⁻⁵ 4.21·10⁻⁶ 4.81·10⁻¹³ 2.96·10⁻⁹ 9.31·10⁻⁸ 1.02·10⁻⁸ 6.29·10⁻⁵ 1.42·10⁻¹³ 3.48·10⁻¹³ 7.04·10⁻⁶ 
Others transport 1.35·10⁻¹³ 7.35·10⁻⁷ 4.98·10⁻⁸ 8.06·10⁻¹⁵ 8.11·10⁻¹² 2.71·10⁻¹⁰ 7.24·10⁻¹¹ 7.92·10⁻⁷ 3.06·10⁻¹⁵ 9.13·10⁻¹⁵ 2.02·10⁻⁷ 
Others, lorry 1.35·10⁻¹³ 7.35·10⁻⁷ 4.98·10⁻⁸ 8.06·10⁻¹⁵ 8.11·10⁻¹² 2.71·10⁻¹⁰ 7.24·10⁻¹¹ 7.92·10⁻⁷ 3.06·10⁻¹⁵ 9.13·10⁻¹⁵ 2.02·10⁻⁷ 
Use of Energy 3.84·10⁻⁸ 1.53 0.120 5.94·10⁻⁹ 2.23·10⁻⁵ 5.60·10⁻⁴ 3.65·10⁻⁴ 2.75 8.99·10⁻⁹ 3.30·10⁻⁸ 0.799 
Anode + Substrate 1.92·10⁻⁹ 0.0788 6.17·10⁻³ 3.06·10⁻¹⁰ 1.15·10⁻⁶ 2.89·10⁻⁵ 1.88·10⁻⁵ 0.142 4.63·10⁻¹⁰ 1.70·10⁻⁹ 0.0411 
Blocking layer 8.96·10⁻⁹ 0.367 0.0287 1.42·10⁻⁹ 5.35·10⁻⁶ 1.34·10⁻⁴ 8.75·10⁻⁵ 0.660 2.15·10⁻⁹ 7.91·10⁻⁹ 0.191 
Blocking layer, 
medium voltage 
(allocated 
annealing) 
8.94·10⁻⁹ 0.367 0.0287 1.42·10⁻⁹ 5.35·10⁻⁶ 1.34·10⁻⁴ 8.75·10⁻⁵ 0.660 2.15·10⁻⁹ 7.90·10⁻⁹ 0.191 
compressed air, 
1000 kPa gauge 
2.07·10⁻¹¹ 1.52·10⁻⁵ 1.23·10⁻⁶ 7.04·10⁻¹⁴ 3.60·10⁻¹⁰ 7.62·10⁻⁹ 6.02·10⁻⁹ 2.49·10⁻⁵ 2.95·10⁻¹³ 1.92·10⁻¹² 4.18·10⁻⁵ 
Semi conducting 
scaffold 
3.68·10⁻¹⁰ 0.0151 1.18·10⁻³ 5.87·10⁻¹¹ 2.20·10⁻⁷ 5.53·10⁻⁶ 3.60·10⁻⁶ 0.0272 8.86·10⁻¹¹ 3.25·10⁻¹⁰ 7.87·10⁻³ 
Insulating scaffold 1.90·10⁻⁹ 0.0780 6.11·10⁻³ 3.03·10⁻¹⁰ 1.14·10⁻⁶ 2.86·10⁻⁵ 1.86·10⁻⁵ 0.140 4.58·10⁻¹⁰ 1.68·10⁻⁹ 0.0407 
Cathode 6.32·10⁻⁹ 0.259 0.0203 1.01·10⁻⁹ 3.78·10⁻⁶ 9.49·10⁻⁵ 6.18·10⁻⁵ 0.466 1.52·10⁻⁹ 5.58·10⁻⁹ 0.135 
Perovskite 1.89·10⁻⁸ 0.731 0.0572 2.84·10⁻⁹ 1.07·10⁻⁵ 2.68·10⁻⁴ 1.74·10⁻⁴ 1.31 4.30·10⁻⁹ 1.58·10⁻⁸ 0.383 
Perovskite, low 
voltage 
1.37·10⁻⁹ 0.0102 7.97·10⁻⁴ 3.95·10⁻¹¹ 1.53·10⁻⁷ 3.83·10⁻⁶ 2.55·10⁻⁶ 0.0183 7.45·10⁻¹¹ 3.01·10⁻¹⁰ 7.14·10⁻³ 
Perovskite, medium 
voltage 
1.76·10⁻⁸ 0.721 0.0564 2.80·10⁻⁹ 1.05·10⁻⁵ 2.64·10⁻⁴ 1.72·10⁻⁴ 1.30 4.23·10⁻⁹ 1.55·10⁻⁸ 0.376 
Emissions 0 0 4.72·10⁻⁵ 0 7.13·10⁻⁴ 3.88·10⁻⁶ 1.01·10⁻⁶ 0 0 0 0.412 
Anode + Substrate 
emissions 
0 0 0 0 0 0 0 0 0 0 0 
Blocking layer 
emissions 
0 0 0 0 7.13·10⁻⁴ 0 0 0 0 0 0.0646 
Emissions - 
Acetylacetone 
0 0 0 0 0 0 0 0 0 0 0.0643 
Emissions - 
isopropanol 
0 0 0 0 7.13·10⁻⁴ 0 0 0 0 0 3.03·10⁻⁴ 
Semi conducting 
scaffold emissions 
0 0 1.38·10⁻⁵ 0 0 0 0 0 0 0 0.0978 
Emissions - 
Titanium dioxide 
0 0 0 0 0 0 0 0 0 0 0 
Emissions - Ethyl 
cellulose 
0 0 0 0 0 0 0 0 0 0 0 
Emissions - 
Diethylene glycol 
monobutyl ether 
acetate 
0 0 0 0 0 0 0 0 0 0 0 
 Emissions - 
Terpineol 
0 0 0 0 0 0 0 0 0 0 0.0978 
Emissions - Carbon 
dioxide 
0 0 1.38·10⁻⁵ 0 0 0 0 0 0 0 0 
Emissions - Water 
vapour 
0 0 0 0 0 0 0 0 0 0 0 
Insulating scaffold 
emissions 
0 0 1.86·10⁻⁵ 0 0 0 0 0 0 0 0.134 
Emissions - 
Zirconium dioxide 
0 0 0 0 0 0 0 0 0 0 0 
Emissions - Ethyl 
cellulose 
0 0 0 0 0 0 0 0 0 0 0 
Emissions - 
Terpineol 
0 0 0 0 0 0 0 0 0 0 0.134 
Emissions - Carbon 
dioxide 
0 0 1.86·10⁻⁵ 0 0 0 0 0 0 0 0 
Emissions - Water 
vapour 
0 0 0 0 0 0 0 0 0 0 0 
Cathode emissions 0 0 1.48·10⁻⁵ 0 2.17·10⁻⁷ 3.88·10⁻⁶ 1.01·10⁻⁶ 0 0 0 0.112 
Emissions - Carbon 0 0 0 0 0 0 0 0 0 0 0 
Emissions - 
Nitrocellulose 
0 0 0 0 0 0 0 0 0 0 1.10·10⁻⁴ 
Emissions - 
Terpineol 
0 0 0 0 0 0 0 0 0 0 0.111 
Emissions - Carbon 
dioxide 
0 0 1.48·10⁻⁵ 0 0 0 0 0 0 0 0 
Emissions - Water 
vapour 
0 0 0 0 0 0 0 0 0 0 0 
Emissions - 
Nitrogen dioxide 
0 0 0 0 2.17·10⁻⁷ 3.88·10⁻⁶ 1.01·10⁻⁶ 0 0 0 0 
Perovskite 
emissions 
0 0 0 0 0 0 0 0 0 0 4.04·10⁻³ 
Emissions - 
butyrolactone 
0 0 0 0 0 0 0 0 0 0 4.04·10⁻³ 
 
  
 Table S11 Results of the PSC produced with the laboratory scale method given per kWh of electricity produced 
given per kWh of electricity produced, related to Figure 4 
 
ADP (kg 
Sb eq) 
ADPF 
(MJ) 
GWP (kg 
CO₂ eq) 
ODP (kg 
CFC-11 
eq) 
POP (kg 
C₂H₄ eq) 
AP (kg 
SO₂ eq) 
EP (kg 
PO₄³⁻ eq) 
CED (MJ) 
HTC 
(CTUh) 
HTNC 
(CTUh) 
FET 
(CTUe) 
Total 9.33·10⁻⁴ 133 9.50 5.35·10⁻⁷ 0.0906 0.0502 0.886 213 1.04·10⁻⁶ 1.24·10⁻⁵ 287 
Raw Materials 9.25·10⁻⁴ 48.6 2.89 1.89·10⁻⁷ 1.14·10⁻³ 0.0186 0.0237 62.6 4.66·10⁻⁷ 1.02·10⁻⁵ 234 
Front contact 1.06·10⁻⁵ 29.3 1.42 9.13·10⁻⁸ 7.51·10⁻⁴ 0.0102 1.89·10⁻³ 31.5 3.58·10⁻⁸ 2.76·10⁻⁷ 3.46 
Fluor Tin Oxide 8.35·10⁻⁶ 0.128 8.71·10⁻³ 7.94·10⁻¹⁰ 9.49·10⁻⁶ 2.16·10⁻⁴ 3.06·10⁻⁵ 0.180 1.18·10⁻⁹ 2.83·10⁻⁹ 0.0699 
Solar glass, low-
iron 
1.47·10⁻⁶ 8.90 0.749 7.19·10⁻⁸ 2.35·10⁻⁴ 7.07·10⁻³ 9.02·10⁻⁴ 9.82 1.67·10⁻⁸ 7.48·10⁻⁸ 1.58 
Metallic Zinc 1.57·10⁻⁸ 0.126 0.0107 5.16·10⁻¹⁰ 5.31·10⁻⁶ 1.46·10⁻⁴ 6.91·10⁻⁵ 0.177 1.58·10⁻⁹ 1.53·10⁻⁷ 0.744 
Hydrochloric Acid 1.96·10⁻⁸ 0.0341 2.56·10⁻³ 2.66·10⁻⁹ 5.77·10⁻⁷ 1.36·10⁻⁵ 8.30·10⁻⁶ 0.0538 2.56·10⁻¹⁰ 2.03·10⁻⁹ 0.0286 
Deionised Water 7.30·10⁻¹⁰ 0.0116 1.39·10⁻³ 1.35·10⁻¹⁰ 2.36·10⁻⁷ 4.17·10⁻⁶ 9.96·10⁻⁷ 0.0171 3.54·10⁻¹² 2.85·10⁻¹¹ 1.04·10⁻⁴ 
Ethanol 2.54·10⁻⁷ 5.36 0.152 4.78·10⁻⁹ 1.77·10⁻⁴ 4.38·10⁻⁴ 2.10·10⁻⁴ 5.58 4.03·10⁻⁹ 1.42·10⁻⁸ 0.307 
Isopropanol 4.46·10⁻⁷ 6.99 0.225 1.00·10⁻⁸ 2.49·10⁻⁴ 9.45·10⁻⁴ 5.18·10⁻⁴ 7.35 6.13·10⁻⁹ 2.32·10⁻⁸ 0.544 
Acetone 5.86·10⁻⁸ 7.68 0.273 7.06·10⁻¹¹ 6.01·10⁻⁵ 1.30·10⁻³ 1.36·10⁻⁴ 7.99 5.61·10⁻⁹ 3.86·10⁻⁹ 0.150 
Soap without 
additives 
2.43·10⁻⁸ 0.0548 -4.73·10⁻³ 4.01·10⁻¹⁰ 1.31·10⁻⁵ 3.08·10⁻⁵ 1.99·10⁻⁵ 0.285 2.84·10⁻¹⁰ 1.67·10⁻⁹ 0.0342 
ETM 9.28·10⁻⁹ 0.186 5.56·10⁻³ 2.88·10⁻¹⁰ 5.94·10⁻⁶ 1.72·10⁻⁵ 8.51·10⁻⁶ 0.196 1.62·10⁻¹⁰ 6.32·10⁻¹⁰ 0.0151 
Titanium dioxide 9.35·10⁻¹⁰ 0.0100 5.60·10⁻⁴ 1.32·10⁻¹⁰ 1.21·10⁻⁷ 2.84·10⁻⁶ 1.63·10⁻⁶ 0.0126 3.00·10⁻¹¹ 1.65·10⁻¹⁰ 5.04·10⁻³ 
Ethanol 8.35·10⁻⁹ 0.176 5.00·10⁻³ 1.57·10⁻¹⁰ 5.82·10⁻⁶ 1.44·10⁻⁵ 6.88·10⁻⁶ 0.183 1.32·10⁻¹⁰ 4.67·10⁻¹⁰ 0.0101 
Scaffold 2.18·10⁻⁸ 0.276 0.0131 2.57·10⁻⁹ 5.13·10⁻⁶ 6.09·10⁻⁵ 3.42·10⁻⁵ 0.328 6.34·10⁻¹⁰ 3.35·10⁻⁹ 0.101 
Titanium dioxide 1.77·10⁻⁸ 0.190 0.0106 2.50·10⁻⁹ 2.29·10⁻⁶ 5.39·10⁻⁵ 3.09·10⁻⁵ 0.239 5.70·10⁻¹⁰ 3.12·10⁻⁹ 0.0957 
Ethanol 4.07·10⁻⁹ 0.0857 2.43·10⁻³ 7.64·10⁻¹¹ 2.84·10⁻⁶ 7.00·10⁻⁶ 3.35·10⁻⁶ 0.0892 6.45·10⁻¹¹ 2.28·10⁻¹⁰ 4.92·10⁻³ 
HTM 1.33·10⁻⁶ 0.339 0.0144 5.64·10⁻⁹ 2.53·10⁻⁵ 6.46·10⁻⁵ 6.69·10⁻⁵ 0.390 8.87·10⁻¹⁰ 4.99·10⁻⁹ 0.252 
Spiro-MeOTAD 1.29·10⁻⁶ 0.0503 2.94·10⁻³ 3.08·10⁻¹⁰ 8.74·10⁻⁷ 1.63·10⁻⁵ 6.42·10⁻⁶ 0.0545 8.93·10⁻¹¹ 5.28·10⁻¹⁰ 0.0120 
Chlorobenzene 3.60·10⁻⁸ 0.288 0.0115 5.33·10⁻⁹ 2.44·10⁻⁵ 4.83·10⁻⁵ 6.05·10⁻⁵ 0.336 7.98·10⁻¹⁰ 4.46·10⁻⁹ 0.240 
Back contact 8.34·10⁻⁴ 4.105 0.301 2.92·10⁻⁸ 7.96·10⁻⁵ 2.75·10⁻³ 0.0178 5.02 3.32·10⁻⁷ 9.50·10⁻⁶ 221 
Gold 8.34·10⁻⁴ 4.105 0.301 2.92·10⁻⁸ 7.96·10⁻⁵ 2.75·10⁻³ 0.0178 5.02 3.32·10⁻⁷ 9.50·10⁻⁶ 221 
Perovskite 7.82·10⁻⁵ 3.92 0.300 1.77·10⁻⁸ 1.15·10⁻⁴ 1.45·10⁻³ 9.78·10⁻⁴ 6.61 2.61·10⁻⁸ 1.34·10⁻⁷ 2.64 
Lead iodide 5.55·10⁻⁵ 2.73 0.218 1.18·10⁻⁸ 4.38·10⁻⁵ 1.10·10⁻³ 7.70·10⁻⁴ 4.79 2.00·10⁻⁸ 1.09·10⁻⁷ 2.05 
Methylammonium 
iodide 
2.26·10⁻⁵ 0.783 0.0598 3.60·10⁻⁹ 6.59·10⁻⁵ 2.86·10⁻⁴ 1.81·10⁻⁴ 1.35 5.26·10⁻⁹ 2.17·10⁻⁸ 0.510 
Gamma-
butyrolactone 
3.91·10⁻⁸ 0.405 0.0215 2.31·10⁻⁹ 5.14·10⁻⁶ 6.66·10⁻⁵ 2.79·10⁻⁵ 0.468 8.45·10⁻¹⁰ 3.99·10⁻⁹ 0.0823 
Others 3.05·10⁻⁷ 10.5 0.842 4.27·10⁻⁸ 1.62·10⁻⁴ 4.08·10⁻³ 2.89·10⁻³ 18.6 6.98·10⁻⁸ 2.50·10⁻⁷ 6.24 
Nitrogen gas for 
the glove box 
3.05·10⁻⁷ 10.5 0.842 4.27·10⁻⁸ 1.62·10⁻⁴ 4.08·10⁻³ 2.89·10⁻³ 18.6 6.98·10⁻⁸ 2.50·10⁻⁷ 6.24 
Amount of 
transportation 
4.21·10⁻⁷ 2.29 0.155 2.51·10⁻⁸ 2.53·10⁻⁵ 8.45·10⁻⁴ 2.25·10⁻⁴ 2.47 9.54·10⁻⁹ 2.84·10⁻⁸ 0.630 
Front contact 
transport 
3.53·10⁻⁷ 1.92 0.130 2.11·10⁻⁸ 2.12·10⁻⁵ 7.10·10⁻⁴ 1.89·10⁻⁴ 2.07 8.01·10⁻⁹ 2.39·10⁻⁸ 0.529 
ETM transport 1.48·10⁻⁹ 8.05·10⁻³ 5.45·10⁻⁴ 8.83·10⁻¹¹ 8.88·10⁻⁸ 2.97·10⁻⁶ 7.93·10⁻⁷ 8.67·10⁻³ 3.36·10⁻¹¹ 1.00·10⁻¹⁰ 2.21·10⁻³ 
Scaffold transport 1.49·10⁻⁹ 8.13·10⁻³ 5.51·10⁻⁴ 8.92·10⁻¹¹ 8.98·10⁻⁸ 3.00·10⁻⁶ 8.01·10⁻⁷ 8.76·10⁻³ 3.39·10⁻¹¹ 1.01·10⁻¹⁰ 2.24·10⁻³ 
HTM transport 1.97·10⁻⁹ 0.0107 7.24·10⁻⁴ 1.17·10⁻¹⁰ 1.18·10⁻⁷ 3.95·10⁻⁶ 1.05·10⁻⁶ 0.0115 4.46·10⁻¹¹ 1.33·10⁻¹⁰ 2.94·10⁻³ 
Back contact 
transport 
7.73·10⁻¹² 4.21·10⁻⁵ 2.85·10⁻⁶ 4.61·10⁻¹³ 4.64·10⁻¹⁰ 1.55·10⁻⁸ 4.14·10⁻⁹ 4.53·10⁻⁵ 1.75·10⁻¹³ 5.22·10⁻¹³ 1.16·10⁻⁵ 
Perovskite 
transport 
3.59·10⁻⁹ 0.0196 1.33·10⁻³ 2.15·10⁻¹⁰ 2.16·10⁻⁷ 7.22·10⁻⁶ 1.93·10⁻⁶ 0.0211 8.15·10⁻¹¹ 2.43·10⁻¹⁰ 5.38·10⁻³ 
 Glove box 
transport 
5.89·10⁻⁸ 0.320 0.0217 3.51·10⁻⁹ 3.54·10⁻⁶ 1.18·10⁻⁴ 3.15·10⁻⁵ 0.345 1.34·10⁻⁹ 3.98·10⁻⁹ 0.0882 
Use of Energy 7.86·10⁻⁶ 82.4 6.45 3.20·10⁻⁷ 1.23·10⁻³ 0.0307 0.0203 148 5.61·10⁻⁷ 2.20·10⁻⁶ 52.5 
Front contact 
electricity 
2.73·10⁻⁷ 2.96 0.232 1.15·10⁻⁸ 4.40·10⁻⁵ 1.10·10⁻³ 7.28·10⁻⁴ 5.32 2.00·10⁻⁸ 7.84·10⁻⁸ 1.87 
FTO sputtering, 
medium voltage 
2.02·10⁻⁸ 0.830 0.0650 3.22·10⁻⁹ 1.21·10⁻⁵ 3.04·10⁻⁴ 1.98·10⁻⁴ 1.49 4.87·10⁻⁹ 1.79·10⁻⁸ 0.433 
Sonication, low 
voltage 
2.45·10⁻⁷ 1.82 0.142 7.06·10⁻⁹ 2.74·10⁻⁵ 6.85·10⁻⁴ 4.56·10⁻⁴ 3.27 1.33·10⁻⁸ 5.38·10⁻⁸ 1.28 
Ozone chamber, 
medium voltage 
7.59·10⁻⁹ 0.311 0.0244 1.21·10⁻⁹ 4.54·10⁻⁶ 1.14·10⁻⁴ 7.42·10⁻⁵ 0.560 1.83·10⁻⁹ 6.71·10⁻⁹ 0.162 
ETM electricity 3.25·10⁻⁶ 24.1 1.89 9.36·10⁻⁸ 3.63·10⁻⁴ 9.08·10⁻³ 6.05·10⁻³ 43.3 1.76·10⁻⁷ 7.13·10⁻⁷ 16.9 
Spin-coating (2000 
rpm, 1 min), low 
voltage 
8.35·10⁻⁸ 0.619 0.0484 2.40·10⁻⁹ 9.32·10⁻⁶ 2.33·10⁻⁴ 1.55·10⁻⁴ 1.11 4.53·10⁻⁹ 1.83·10⁻⁸ 0.434 
Heating (120 ºC, 10 
min), low voltage 
5.32·10⁻⁷ 3.95 0.309 1.53·10⁻⁸ 5.94·10⁻⁵ 1.49·10⁻³ 9.90·10⁻⁴ 7.09 2.89·10⁻⁸ 1.17·10⁻⁷ 2.77 
Annealing (450 ºC, 
45 min), low 
voltage 
2.64·10⁻⁶ 19.5 1.53 7.59·10⁻⁸ 2.94·10⁻⁴ 7.36·10⁻³ 4.90·10⁻³ 35.1 1.43·10⁻⁷ 5.78·10⁻⁷ 13.7 
Scaffold electricity 3.29·10⁻⁶ 24.4 1.907 9.46·10⁻⁸ 3.67·10⁻⁴ 9.18·10⁻³ 6.12·10⁻³ 43.8 1.78·10⁻⁷ 7.21·10⁻⁷ 17.1 
Spin-coating (4000 
rpm, 60 s) 
1.72·10⁻⁷ 1.28 0.100 4.96·10⁻⁹ 1.92·10⁻⁵ 4.81·10⁻⁴ 3.20·10⁻⁴ 2.29 9.34·10⁻⁹ 3.78·10⁻⁸ 0.895 
Heating (80 ºC, 15 
min) 
4.80·10⁻⁷ 3.56 0.279 1.38·10⁻⁸ 5.36·10⁻⁵ 1.34·10⁻³ 8.93·10⁻⁴ 6.39 2.61·10⁻⁸ 1.05·10⁻⁷ 2.50 
Annealing (450 ºC, 
4 h) 
2.64·10⁻⁶ 19.5 1.53 7.59·10⁻⁸ 2.94·10⁻⁴ 7.36·10⁻³ 4.90·10⁻³ 35.1 1.43·10⁻⁷ 5.78·10⁻⁷ 13.7 
HTM electricity 8.87·10⁻⁸ 0.658 0.0515 2.55·10⁻⁹ 9.90·10⁻⁶ 2.48·10⁻⁴ 1.65·10⁻⁴ 1.18 4.81·10⁻⁹ 1.95·10⁻⁸ 0.461 
Spin-coating (4000 
rpm, 30 s), low 
voltage 
8.87·10⁻⁸ 0.658 0.0515 2.55·10⁻⁹ 9.90·10⁻⁶ 2.48·10⁻⁴ 1.65·10⁻⁴ 1.18 4.81·10⁻⁹ 1.95·10⁻⁸ 0.461 
Back contact 
electricity 
2.41·10⁻⁷ 9.89 0.774 3.84·10⁻⁸ 1.44·10⁻⁴ 3.62·10⁻³ 2.36·10⁻³ 17.8 5.80·10⁻⁸ 2.13·10⁻⁷ 5.16 
Thermal 
evaporation, 
medium voltage 
2.41·10⁻⁷ 9.89 0.774 3.84·10⁻⁸ 1.44·10⁻⁴ 3.62·10⁻³ 2.36·10⁻³ 17.8 5.80·10⁻⁸ 2.13·10⁻⁷ 5.16 
Perovskite 
electricity 
2.71·10⁻⁷ 2.01 0.157 7.81·10⁻⁹ 3.03·10⁻⁵ 7.58·10⁻⁴ 5.05·10⁻⁴ 3.61 1.47·10⁻⁸ 5.95·10⁻⁸ 1.41 
Stirring (100 ºC, 10 
min) 
2.09·10⁻⁸ 0.155 0.0121 6.01·10⁻¹⁰ 2.33·10⁻⁶ 5.83·10⁻⁵ 3.88·10⁻⁵ 0.278 1.13·10⁻⁹ 4.58·10⁻⁹ 0.109 
Stirring (70 ºC, 30 
min), low voltage 
5.74·10⁻⁸ 0.426 0.0333 1.65·10⁻⁹ 6.41·10⁻⁶ 1.60·10⁻⁴ 1.07·10⁻⁴ 0.764 3.11·10⁻⁹ 1.26·10⁻⁸ 0.298 
Spin-coating (500 
rpm, 5 s), low 
voltage 
5.22·10⁻⁹ 0.0387 3.03·10⁻³ 1.50·10⁻¹⁰ 5.82·10⁻⁷ 1.46·10⁻⁵ 9.71·10⁻⁶ 0.0695 2.83·10⁻¹⁰ 1.14·10⁻⁹ 0.0271 
Spin-coating (2000 
rpm, 60 s), low 
voltage 
8.35·10⁻⁸ 0.619 0.0484 2.40·10⁻⁹ 9.32·10⁻⁶ 2.33·10⁻⁴ 1.55·10⁻⁴ 1.11 4.53·10⁻⁹ 1.83·10⁻⁸ 0.434 
Heating (100 ºC, 60 
min), low voltage 
1.04·10⁻⁷ 0.774 0.061 3.00·10⁻⁹ 1.16·10⁻⁵ 2.91·10⁻⁴ 1.94·10⁻⁴ 1.39 5.66·10⁻⁹ 2.29·10⁻⁸ 0.543 
Glove box 
electricity 
4.49·10⁻⁷ 18.4 1.44 7.16·10⁻⁸ 2.69·10⁻⁴ 6.75·10⁻³ 4.39·10⁻³ 33.1 1.08·10⁻⁷ 3.97·10⁻⁷ 9.61 
Globe box, 
medium voltage 
4.49·10⁻⁷ 18.4 1.44 7.16·10⁻⁸ 2.69·10⁻⁴ 6.75·10⁻³ 4.39·10⁻³ 33.1 1.08·10⁻⁷ 3.97·10⁻⁷ 9.61 
Emissions 0 0 0 0 0.0882 0 0.842 0 8.77·10⁻¹⁰ 1.41·10⁻⁹ 0.243 
Front contact 
emissions 
0 0 0 0 0.0858 0 0 0 2.70·10⁻¹⁰ 7.90·10⁻¹⁰ 0.0393 
Emissions - Ethanol 0 0 0 0 0.0503 0 0 0 2.70·10⁻¹⁰ 0 0.0193 
Emissions - 0 0 0 0 0.0236 0 0 0 0 0 0.0100 
 Isopropanol 
Emissions - 
Acetone 
0 0 0 0 0.0119 0 0 0 0 7.90·10⁻¹⁰ 0.0100 
Emissions - 
Chloride 
0 0 0 0 0 0 0 0 0 0 0 
ETM emissions 0 0 0 0 1.61·10⁻³ 0 0 0 8.62·10⁻¹² 0 6.16·10⁻⁴ 
Emissions - Ethanol 0 0 0 0 1.61·10⁻³ 0 0 0 8.62·10⁻¹² 0 6.16·10⁻⁴ 
Scaffold emissions 0 0 0 0 7.83·10⁻⁴ 0 0 0 4.20·10⁻¹² 0 3.00·10⁻⁴ 
Emissions – 
Ethanol 
0 0 0 0 7.83·10⁻⁴ 0 0 0 4.20·10⁻¹² 0 3.00·10⁻⁴ 
HTM emissions 0 0 0 0 0 0 0 0 5.95·10⁻¹⁰ 6.17·10⁻¹⁰ 4.79·10⁻³ 
Emissions – 
Chlorobenzene 
0 0 0 0 0 0 0 0 5.95·10⁻¹⁰ 6.17·10⁻¹⁰ 4.79·10⁻³ 
Perovskite 
emissions 
0 0 0 0 0 0 0 0 0 0 0.198 
Emissions – 
Butyrolactone 
0 0 0 0 0 0 0 0 0 0 0.198 
Glove box 
emissions 
0 0 0 0 0 0 0.842 0 0 0 0 
Emissions - 
Nitrogen 
0 0 0 0 0 0 0.842 0 0 0 0 
 
  
 Table S12 Results of the ideal process of production of a carbon stack perovskite module, related to Figure 4 
 
ADP (kg 
Sb eq) 
ADPF 
(MJ) 
GWP (kg 
CO₂ eq) 
ODP (kg 
CFC-11 
eq) 
POP (kg 
C₂H₄ eq) 
AP (kg 
SO₂ eq) 
EP (kg 
PO₄³⁻ eq) 
CED (MJ) 
HTC 
(CTUh) 
HTNC 
(CTUh) 
FET 
(CTUe) 
Total 3.39·10⁻⁷ 0.372 0.0302 3.01·10⁻⁹ 9.22·10⁻⁶ 2.73·10⁻⁴ 4.11·10⁻⁵ 0.429 8.65·10⁻¹⁰ 3.59·10⁻⁹ 0.0779 
Raw Materials 3.35·10⁻⁷ 0.328 0.0269 2.72·10⁻⁹ 8.63·10⁻⁶ 2.56·10⁻⁴ 3.32·10⁻⁵ 0.363 6.39·10⁻¹⁰ 2.81·10⁻⁹ 0.0596 
Anode + Substrate 3.34·10⁻⁷ 0.315 0.0264 2.54·10⁻⁹ 8.54·10⁻⁶ 2.54·10⁻⁴ 3.25·10⁻⁵ 0.349 6.23·10⁻¹⁰ 2.71·10⁻⁹ 0.0576 
Fluor Tin Oxide 2.82·10⁻⁷ 4.34·10⁻³ 2.94·10⁻⁴ 2.68·10⁻¹¹ 3.21·10⁻⁷ 7.29·10⁻⁶ 1.03·10⁻⁶ 6.09·10⁻³ 4.00·10⁻¹¹ 9.57·10⁻¹¹ 2.36·10⁻³ 
Solar glass, low-iron 5.14·10⁻⁸ 0.311 0.0261 2.51·10⁻⁹ 8.22·10⁻⁶ 2.47·10⁻⁴ 3.15·10⁻⁵ 0.343 5.83·10⁻¹⁰ 2.61·10⁻⁹ 0.0552 
Blocking layer 4.11·10⁻¹¹ 3.99·10⁻⁴ 1.74·10⁻⁵ 1.66·10⁻¹² 1.56·10⁻⁸ 8.73·10⁻⁸ 3.55·10⁻⁸ 4.29·10⁻⁴ 6.03·10⁻¹³ 2.80·10⁻¹² 1.01·10⁻⁴ 
Titanium 
diisopropoxide 
bis(acetylacetonate) 
4.11·10⁻¹¹ 3.99·10⁻⁴ 1.74·10⁻⁵ 1.66·10⁻¹² 1.56·10⁻⁸ 8.73·10⁻⁸ 3.55·10⁻⁸ 4.29·10⁻⁴ 6.03·10⁻¹³ 2.80·10⁻¹² 1.01·10⁻⁴ 
Semi conducting 
scaffold 
1.01·10⁻¹⁰ 1.08·10⁻³ 6.06·10⁻⁵ 1.42·10⁻¹¹ 1.31·10⁻⁸ 3.07·10⁻⁷ 1.76·10⁻⁷ 1.36·10⁻³ 3.25·10⁻¹² 1.78·10⁻¹¹ 5.46·10⁻⁴ 
Titanium dioxide, 
chloride process, at 
plant/RER S 
1.01·10⁻¹⁰ 1.08·10⁻³ 6.06·10⁻⁵ 1.42·10⁻¹¹ 1.31·10⁻⁸ 3.07·10⁻⁷ 1.76·10⁻⁷ 1.36·10⁻³ 3.25·10⁻¹² 1.78·10⁻¹¹ 5.46·10⁻⁴ 
Insulating scaffold 5.38·10⁻¹⁰ 1.47·10⁻³ 1.17·10⁻⁴ 8.07·10⁻¹² 2.49·10⁻⁸ 6.15·10⁻⁷ 3.06·10⁻⁷ 2.14·10⁻³ 8.78·10⁻¹² 5.92·10⁻¹¹ 8.78·10⁻⁴ 
Zirconia 5.38·10⁻¹⁰ 1.47·10⁻³ 1.17·10⁻⁴ 8.07·10⁻¹² 2.49·10⁻⁸ 6.15·10⁻⁷ 3.06·10⁻⁷ 2.14·10⁻³ 8.78·10⁻¹² 5.92·10⁻¹¹ 8.78·10⁻⁴ 
Cathode 4.21·10⁻¹⁰ 9.76·10⁻³ 2.84·10⁻⁴ 1.56·10⁻¹⁰ 3.17·10⁻⁸ 7.92·10⁻⁷ 9.74·10⁻⁸ 9.82·10⁻³ 3.31·10⁻¹² 2.01·10⁻¹¹ 4.18·10⁻⁴ 
Carbon 4.21·10⁻¹⁰ 9.76·10⁻³ 2.84·10⁻⁴ 1.56·10⁻¹⁰ 3.17·10⁻⁸ 7.92·10⁻⁷ 9.74·10⁻⁸ 9.82·10⁻³ 3.31·10⁻¹² 2.01·10⁻¹¹ 4.18·10⁻⁴ 
Perovskite 7.07·10⁻¹⁰ 3.18·10⁻⁵ 2.51·10⁻⁶ 1.39·10⁻¹³ 9.91·10⁻¹⁰ 1.25·10⁻⁸ 8.58·10⁻⁹ 5.54·10⁻⁵ 2.28·10⁻¹³ 1.18·10⁻¹² 2.31·10⁻⁵ 
Lead iodide 5.01·10⁻¹⁰ 2.47·10⁻⁵ 1.97·10⁻⁶ 1.07·10⁻¹³ 3.96·10⁻¹⁰ 9.94·10⁻⁹ 6.95·10⁻⁹ 4.32·10⁻⁵ 1.80·10⁻¹³ 9.81·10⁻¹³ 1.85·10⁻⁵ 
Methylammonium 
iodide 
2.04·10⁻¹⁰ 7.07·10⁻⁶ 5.40·10⁻⁷ 3.25·10⁻¹⁴ 5.95·10⁻¹⁰ 2.58·10⁻⁹ 1.63·10⁻⁹ 1.21·10⁻⁵ 4.75·10⁻¹⁴ 1.96·10⁻¹³ 4.60·10⁻⁶ 
5-ammonium 
valeric acid iodide 
2.02·10⁻¹² 1.18·10⁻⁸ 7.22·10⁻¹⁰ 1.11·10⁻¹⁶ 1.75·10⁻¹³ 2.92·10⁻¹² 8.29·10⁻¹³ 1.32·10⁻⁸ 2.46·10⁻¹⁷ 1.52·10⁻¹⁶ 2.94·10⁻⁹ 
Amount of 
transportation 
3.19·10⁻⁹ 0.0177 1.20·10⁻³ 1.93·10⁻¹⁰ 2.10·10⁻⁷ 6.99·10⁻⁶ 1.77·10⁻⁶ 0.0191 7.33·10⁻¹¹ 2.18·10⁻¹⁰ 4.82·10⁻³ 
Anode + Substrate 
transport 
2.42·10⁻⁹ 0.0132 8.93·10⁻⁴ 1.45·10⁻¹⁰ 1.46·10⁻⁷ 4.87·10⁻⁶ 1.30·10⁻⁶ 0.0142 5.50·10⁻¹¹ 1.64·10⁻¹⁰ 3.63·10⁻³ 
Anode + Substrate, 
lorry 
2.42·10⁻⁹ 0.0132 8.93·10⁻⁴ 1.45·10⁻¹⁰ 1.46·10⁻⁷ 4.87·10⁻⁶ 1.30·10⁻⁶ 0.0142 5.50·10⁻¹¹ 1.64·10⁻¹⁰ 3.63·10⁻³ 
Blocking layer 
transport 
3.62·10⁻¹³ 1.97·10⁻⁶ 1.33·10⁻⁷ 2.16·10⁻¹⁴ 2.17·10⁻¹¹ 7.27·10⁻¹⁰ 1.94·10⁻¹⁰ 2.12·10⁻⁶ 8.21·10⁻¹⁵ 2.45·10⁻¹⁴ 5.42·10⁻⁷ 
Blocking layer, lorry 3.62·10⁻¹³ 1.97·10⁻⁶ 1.33·10⁻⁷ 2.16·10⁻¹⁴ 2.17·10⁻¹¹ 7.27·10⁻¹⁰ 1.94·10⁻¹⁰ 2.12·10⁻⁶ 8.21·10⁻¹⁵ 2.45·10⁻¹⁴ 5.42·10⁻⁷ 
Semi conducting 
scaffold transport 
1.54·10⁻¹² 5.11·10⁻⁵ 3.78·10⁻⁶ 4.54·10⁻¹³ 2.41·10⁻⁹ 7.60·10⁻⁸ 8.70·10⁻⁹ 5.69·10⁻⁵ 1.40·10⁻¹³ 3.58·10⁻¹³ 7.40·10⁻⁶ 
Semi conducting 
scaffold, lorry 
1.23·10⁻¹² 6.70·10⁻⁶ 4.54·10⁻⁷ 7.35·10⁻¹⁴ 7.39·10⁻¹¹ 2.47·10⁻⁹ 6.60·10⁻¹⁰ 7.22·10⁻⁶ 2.79·10⁻¹⁴ 8.32·10⁻¹⁴ 1.84·10⁻⁶ 
Semi conducting 
scaffold, freight 
3.07·10⁻¹³ 4.44·10⁻⁵ 3.33·10⁻⁶ 3.80·10⁻¹³ 2.34·10⁻⁹ 7.35·10⁻⁸ 8.04·10⁻⁹ 4.97·10⁻⁵ 1.12·10⁻¹³ 2.75·10⁻¹³ 5.56·10⁻⁶ 
Insulating scaffold 
transport 
1.32·10⁻¹¹ 7.17·10⁻⁵ 4.85·10⁻⁶ 7.86·10⁻¹³ 7.91·10⁻¹⁰ 2.64·10⁻⁸ 7.05·10⁻⁹ 7.72·10⁻⁵ 2.99·10⁻¹³ 8.90·10⁻¹³ 1.97·10⁻⁵ 
Insulating scaffold, 
lorry 
1.32·10⁻¹¹ 7.17·10⁻⁵ 4.85·10⁻⁶ 7.86·10⁻¹³ 7.91·10⁻¹⁰ 2.64·10⁻⁸ 7.05·10⁻⁹ 7.72·10⁻⁵ 2.99·10⁻¹³ 8.90·10⁻¹³ 1.97·10⁻⁵ 
Cathode transport 3.94·10⁻¹² 2.14·10⁻⁵ 1.45·10⁻⁶ 2.35·10⁻¹³ 2.36·10⁻¹⁰ 7.91·10⁻⁹ 2.11·10⁻⁹ 2.31·10⁻⁵ 8.93·10⁻¹⁴ 2.66·10⁻¹³ 5.90·10⁻⁶ 
Cathode, lorry 3.94·10⁻¹² 2.14·10⁻⁵ 1.45·10⁻⁶ 2.35·10⁻¹³ 2.36·10⁻¹⁰ 7.91·10⁻⁹ 2.11·10⁻⁹ 2.31·10⁻⁵ 8.93·10⁻¹⁴ 2.66·10⁻¹³ 5.90·10⁻⁶ 
Perovskite transport 3.58·10⁻¹⁵ 4.91·10⁻⁸ 3.55·10⁻⁹ 4.64·10⁻¹⁶ 1.82·10⁻¹² 5.77·10⁻¹¹ 7.37·10⁻¹² 5.41·10⁻⁸ 1.54·10⁻¹⁶ 4.18·10⁻¹⁶ 8.89·10⁻⁹ 
Perovskite, lorry 3.36·10⁻¹⁵ 1.83·10⁻⁸ 1.24·10⁻⁹ 2.01·10⁻¹⁶ 2.02·10⁻¹³ 6.76·10⁻¹² 1.80·10⁻¹² 1.97·10⁻⁸ 7.63·10⁻¹⁷ 2.27·10⁻¹⁶ 5.04·10⁻⁹ 
Perovskite, freight 2.12·10⁻¹⁶ 3.08·10⁻⁸ 2.31·10⁻⁹ 2.63·10⁻¹⁶ 1.62·10⁻¹² 5.10·10⁻¹¹ 5.57·10⁻¹² 3.44·10⁻⁸ 7.76·10⁻¹⁷ 1.90·10⁻¹⁶ 3.85·10⁻⁹ 
Use of Energy 6.54·10⁻¹⁰ 0.0259 2.03·10⁻³ 1.01·10⁻¹⁰ 3.78·10⁻⁷ 9.50·10⁻⁶ 6.18·10⁻⁶ 0.0466 1.52·10⁻¹⁰ 5.60·10⁻¹⁰ 0.0136 
 Anode + Substrate 4.37·10⁻¹³ 1.79·10⁻⁵ 1.40·10⁻⁶ 6.96·10⁻¹⁴ 2.61·10⁻¹⁰ 6.56·10⁻⁹ 4.27·10⁻⁹ 3.22·10⁻⁵ 1.05·10⁻¹³ 3.86·10⁻¹³ 9.34·10⁻⁶ 
Blocking layer 9.88·10⁻¹¹ 3.22·10⁻³ 2.52·10⁻⁴ 1.25·10⁻¹¹ 4.71·10⁻⁸ 1.18·10⁻⁶ 7.70·10⁻⁷ 5.79·10⁻³ 1.91·10⁻¹¹ 7.10·10⁻¹¹ 1.71·10⁻³ 
Blocking layer, 
medium voltage 
(allocated 
annealing) 
7.81·10⁻¹¹ 3.20·10⁻³ 2.51·10⁻⁴ 1.24·10⁻¹¹ 4.67·10⁻⁸ 1.17·10⁻⁶ 7.64·10⁻⁷ 5.76·10⁻³ 1.88·10⁻¹¹ 6.91·10⁻¹¹ 1.67·10⁻³ 
compressed air, 
1000 kPa gauge 
2.07·10⁻¹¹ 1.52·10⁻⁵ 1.23·10⁻⁶ 7.04·10⁻¹⁴ 3.60·10⁻¹⁰ 7.62·10⁻⁹ 6.02·10⁻⁹ 2.49·10⁻⁵ 2.95·10⁻¹³ 1.92·10⁻¹² 4.18·10⁻⁵ 
Semi conducting 
scaffold 
2.77·10⁻¹⁰ 0.0114 8.89·10⁻⁴ 4.41·10⁻¹¹ 1.66·10⁻⁷ 4.16·10⁻⁶ 2.71·10⁻⁶ 0.0204 6.66·10⁻¹¹ 2.45·10⁻¹⁰ 5.92·10⁻³ 
Insulating scaffold 5.36·10⁻¹¹ 2.20·10⁻³ 1.72·10⁻⁴ 8.54·10⁻¹² 3.20·10⁻⁸ 8.05·10⁻⁷ 5.24·10⁻⁷ 3.95·10⁻³ 1.29·10⁻¹¹ 4.74·10⁻¹¹ 1.15·10⁻³ 
Cathode 2.05·10⁻¹⁰ 8.42·10⁻³ 6.59·10⁻⁴ 3.27·10⁻¹¹ 1.23·10⁻⁷ 3.08·10⁻⁶ 2.01·10⁻⁶ 0.0151 4.94·10⁻¹¹ 1.81·10⁻¹⁰ 4.39·10⁻³ 
Perovskite 1.94·10⁻¹¹ 7.11·10⁻⁴ 5.57·10⁻⁵ 2.76·10⁻¹² 1.04·10⁻⁸ 2.61·10⁻⁷ 1.70·10⁻⁷ 1.28·10⁻³ 4.20·10⁻¹² 1.55·10⁻¹¹ 3.74·10⁻⁴ 
Perovskite, low 
voltage 
2.49·10⁻¹² 1.85·10⁻⁵ 1.45·10⁻⁶ 7.17·10⁻¹⁴ 2.78·10⁻¹⁰ 6.96·10⁻⁹ 4.64·10⁻⁹ 3.32·10⁻⁵ 1.35·10⁻¹³ 5.47·10⁻¹³ 1.30·10⁻⁵ 
Perovskite, medium 
voltage 
1.69·10⁻¹¹ 6.92·10⁻⁴ 5.42·10⁻⁵ 2.69·10⁻¹² 1.01·10⁻⁸ 2.54·10⁻⁷ 1.65·10⁻⁷ 1.25·10⁻³ 4.06·10⁻¹² 1.49·10⁻¹¹ 3.61·10⁻⁴ 
 
  
 Transparent methods 
Goal and scope definition 
In this study, environmental impacts of a pre-industrial perovskite solar module production 
process are evaluated to assist researchers in their task of designing this process. We talk 
about pre-industrial process as large area substrates are employed in addition to industrial 
friendly architecture, deposition and processing techniques, however they are not fully 
integrated in a full production line. For this purpose, a process, close to large scale production, 
for fabricating perovskite modules based on a mesoporous triple stack (pre-industrial module) 
is analysed through life cycle assessment. In this work, 1 kWh of energy is assumed as a 
functional unit and an evaluation of the environmental impacts, from cradle to gate, is 
performed. This kWh of electricity was simulated/modelled to be produced assuming the 
actual power conversion efficiency value of the pre-industrial device (11%), the average solar 
radiation (1.361 kW·m⁻²) (Gueymard, 2018) and the best-currently-reported lifetime of a 
carbon stack configuration (10000 h) (Grancini et al., 2017). The size of the module is assumed 
to be A4-sized (210 x 297 mm). 
System boundary 
To simulate the environmental mark of the pre-industrial module, a production process 
developed in a pilot plant was considered, based on the architecture with great potential for 
commercialisation, i.e. the printed mesoporous stack (Baker et al., 2017; De Rossi et al., 2018). 
Figure S3 describes the diagram of the process studied in the cradle-to-gate life cycle 
assessment. Therefore, this analysis accounted for the environmental impacts ranging from 
the extraction of raw materials to the moment in which the device production is finished. 
Nevertheless, inputs generating negligible impacts such as equipment assets, maintenance, 
lighting, environment conditioning and labour force were disregarded (Amarakoon et al., 2017; 
Chatzisideris et al., 2016). Equipment assets encompass screen printer, belt oven, drying oven 
and squeegees together with auxiliary equipment. Polyethylene terephthalate screens —
without including the metallic frame— were considered consumables because they can last for 
just a thousand of print cycles. As deposition of all layers, including the fluorine-doped tin 
oxide (FTO) film, was assumed to be completed right after the production of the substrate and 
the anode, the cleaning process usually applied to FTO-glass substrates was omitted as it is 
unnecessary. Production of encapsulation and contacts of the module were also dismissed due 
to its primitive state of development and thus the uncertainty of their final layout. 
  
Figure S3 System boundary of the pre-industrial process of production of the carbon stack perovskite 
photovoltaic module, related to Figures 1–4 
As shown in Figure S4, the pre-industrial module consisted of a FTO layer on top of a glass 
substrate, which was used as the anode and Nb:YVO4 laser (532 nm) patterned before 
depositing any other layer. A layer of compact titania (c-TiO2) was deposited by spraying a 
solution of titanium di-isopropoxide bis(acetylacetonate) (TiAcAc) in isopropanol (75wt%), 
which reacts to form the blocking layer by hydrolysis (Hanaor et al., 2012; Qin et al., 2017). An 
additional amount of isopropanol was added to achieve good conditions to deposit the 
solution. Over the blocking layer, a mesoporous layer of titania (m-TiO2) was screen printed 
from a paste with α-terpineol, 2-(2-butoxyethoxy) ethyl acetate and ethylcellulose, as a semi 
conducting scaffold. An additional amount of α-terpineol was also added to the titania paste to 
reduce the final TiO2 thickness. Both compact and m-TiO2 were annealed in a belt electric oven 
at 550 ºC for 30 min. Subsequently, a paste of mesoporous zirconia (m-ZrO2) with α-terpineol 
and ethylcellulose was screen printed to form the insulating scaffold. It was deposited by 
screen printing a paste of carbon with nitrocellulose and α-terpineol. Afterwards, m-ZrO2 and 
carbon layers were annealed at 400 ºC for 30 min in the same oven as titania layers. Finally, 
perovskite was infiltrated to fill the pores in m-TiO2, m-ZrO2 and carbon layers. It was lastly 
annealed at 50 ºC for 1 h in a drying oven with forced convection. 
  
Figure S4 Dimensional cross section of the perovskite solar module produced at a pre-industrial scale (right) and 
the perovskite solar cell produced at a laboratory scale (left), related to Figures 1–4 
Inventory 
For the absorber layer of the pre-industrial module assessed in this work, a standard MAPbI₃ 
(MA = CH₃NH₃⁺) was used. It was synthesised from 1M MAI:1M PbI₂, according to the most 
generalised recipe for the synthesis of perovskite (Kim et al., 2012), adding 5-ammonium 
valeric acid iodide (AVAI) to improve its stability (Grancini et al., 2017). 
To gather data for the raw materials flow, amounts of reagents for the perovskite and c-TiO₂ 
syntheses, inclusive of solvents, as well as amounts of m-TiO₂, m-ZrO₂ and carbon pastes used 
for the production of the module were measured directly from the process. m-TiO₂, m-ZrO₂ 
and carbon pastes compositions were obtained from their respective producers, i.e. Greatcell 
Solar, Solaronix and Gwent Electronic Materials respectively. The glass and FTO film were 
produced by the NSG Group; in this case, as their final mass was considered, their impacts are 
probably underestimated. 
Most of the datasets of the materials used were available at the Ecoinvent database.(Wernet 
et al., 2016) datasets missing in the Ecoinvent database, such as ethylcellulose, nitrocellulose 
(Urbanski, 1964), α-terpineol (Bellesia et al., 1979; Cori et al., 1986; Goetz and Fischer, 1976; 
Lu et al., 2016; Markin et al., 2016; Vani et al., 2001; Wienhöfer et al., 2013; Xiao et al., 2016), 
2-(2-butoxyethoxy) ethyl acetate (Dongchu and Bing, 2016; Jung-Chung et al., 2011; Tulchinsky 
et al., 2010), TiAcAc (Bradley et al., 2001; Miller et al., 2001; Rahman et al., 1999; Siegel and 
Eggersdorfer, 2000; Weygand, 1972) and FTO (Banyamin et al., 2014; Tsang et al., 2016) 
together with perovskite reagents MAI (Noh et al., 2013), PbI₂ (Ahmad and Vijaya Prakash, 
2012) and AVAI (Hoshi et al., 2016; Nomoto and Harada, 1985; Sato and Ota, 2016; Schaub et 
al., 2012), were modelled from synthesis routes encountered in the literature. The inventories 
of ethyl cellulose, α-terpineol, titanium di-isopropoxide bis(acetylacetonate), 5-ammonium 
valeric acid iodide, 2-(2-butoxyethoxy) ethyl acetate and nitrocellulose models are shown in 
Table S4, Table S5, Table S6, Table S7, Table S8 and Table S9, respectively. In contrast, 
 inventories of processes of production of FTO, MAI and PbI₂ were extracted from the literature 
(Alberola-Borràs et al., 2018a, 2018b). 
Energy flow and energy consumption of most of the steps of the process, which are screen 
printing and annealing of m-TiO₂, m-ZrO₂ and Carbon pastes, annealing of perovskite and laser 
etching of the substrate were directly monitored from the production facilities. The energy 
consumption of compressed air for the screen printer was dismissed in this study as it is low in 
comparison to that of other steps of this process. Again, there was no information about the 
deposition process of the FTO layer, which was assumed to be sputtered onto the glass 
substrate, whose energetic consumption was obtained from other works (Tsang et al., 2016). 
Energy consumption to prepare the perovskite solution, by stirring and heating to 70 ºC, is 
obtained from a consumption value of a similar process in a previous work (Alberola-Borràs et 
al., 2018a). This value is recalculated to be in function of kWh (the current functional unit), as 
initially it was given per cm² of active area. It was not possible to allocate the energy 
consumption of the air compressor, as its use is shared by several processes, therefore, its air 
consumption was estimated from the amount of TiAcAc sprayed and an air to liquid ratio of 
2wt% (Portoghese et al., 2008). Afterwards, the environmental impacts were directly obtained 
from a process dataset of compressed air in the Ecoinvent database, whose functional unit is 
the volume of compressed air (Wernet et al., 2016). As the blocking layer and the insulating 
scaffold are annealed simultaneously with the semi conducting layer and the cathode, 
respectively, just as Figure S3 shows, the energy consumption of each annealing process was 
allocated to each layer on a mass basis. Environmental impacts of the electricity consumption 
were established from the medium voltage and low voltage continental mix datasets for 
Europe (RER in Ecoinvent) (Treyer and Bauer, 2016). 
Process outputs were included in the emissions flow. They were calculated stoichiometrically 
from the release of byproducts of the reactions of TiAcAc, which were isopropanol and 
acetylacetone. Likewise, combustion of ethylcellulose produced carbon dioxide and water 
vapour. Alongside these two gases, nitrocellulose combustion generated nitrogen oxide. 
Solvents of c-TiO2 reaction, perovskite reaction and m-TiO2, and m-ZrO2 and carbon pastes 
were evaporated during annealing processes. These outputs were simulated with the 
coefficients for fate of emissions to the corresponding compartment available in SimaPro 
software (Pré Sustainability, 2016). 
The amount of transportation flow was established by using the distances between each 
supplier and the facilities of SPECIFIC, Swansea University (UK) where the process was carried 
out. Transoceanic distances were considered from the closest port of each supplier to Swansea 
port. 
Ideality analysis 
Two further scenarios are used for comparison purposes: a perovskite module produced with 
an ideal process (ideal module) to estimate the ideality coefficient, based on the optimisation 
of the pre-industrial one, and a perovskite solar cell produced at laboratory scale (lab-scale 
PSC) to verify the extent of improvement in the pre-industrial process. From the point of view 
 of LCA, the comparison with the lab-scale process arises from the necessity of giving sense to 
the results (Baumann and Tillman, 2004). In order to obtain the electric output of both types of 
device, the same parameters as the pre-industrial process were assumed, except for the 
efficiency of the PSC in the lab process, which was 19% (Roldán-Carmona et al., 2015). The 
ideal scenario was estimated from the pre-industrial module, where the amounts of material 
used and the use of energy is ideally optimised. The environmental results of the lab-scale PSC 
were extracted from a previous study (Alberola-Borràs et al., 2018a), choosing a cell 
architecture with MAPbI₃ embedded into a mesoporous titania scaffold (Ball et al., 2013; Zhao 
et al., 2014). 
The ideal process of production of perovskite solar modules was elaborated from the pre-
industrial process: materials and their amounts were reduced to those strictly necessary to 
assemble the module and even solvents were dismissed from the system. Furthermore, energy 
consumption of heating steps, which were initially the most energy consuming by large, were 
thermodynamically estimated, considering that all the energy consumed is spent on heating 
the materials only and the equipment is perfectly insulated. Lastly, emissions to the 
environment in the ideal process were considered void, assuming a good recycling of the 
outputs of the process. 
In the ideal process of production of perovskite modules, quantities were obtained by 
measuring the thicknesses of the layers in a perovskite photovoltaic module produced in a 
highly scalable process (Baker et al., 2017; De Rossi et al., 2018). Losses of materials during 
processing were excluded from this ideal scenario. Once the volume of each material was 
calculated by multiplying the thickness by the active module area, it was multiplied by the 
density to obtain the amount of each material. The transportation was re-adjusted to the 
reduced amount of materials for this scenario. Energy consumption of the three annealing 
steps and the heating and stirring of perovskite reagents was estimated by using 
thermodynamic equations which describe the heating process and the synthesis of the c-TiO₂ 
and the perovskite (Buerger et al., 2015; Degueldre et al., 2003; Ivanov et al., 2018; Knop et al., 
1990; Onoda-Yamamuro et al., 1990; Saremi-Yarahmadi et al., 2013; Shinzato and Baba, 2001). 
No energy losses were considered during those steps. To allocate the energy of the annealing 
steps to each of the layers the same criteria used for the pre-industrial process is used. Since 
the module was considered as a single cell and divisions between cells were not necessary, 
laser etching was removed from the calculation. The screen printing step and consumption of 
air compressed for the spraying of c-TiO₂ were considered to consume the same energy as the 
pre-industrial process. Energy consumption of both perovskite carbon stack module and ideal 
process are compared in Table S13. 
 Table S13 Energy consumption of the carbon stack perovskite photovoltaic module produced in the pre-industrial 
process in comparison to the same module produced in the ideal industrial process, related to Figures 1–4 
Step Process 
Carbon stack module electricity 
consumption (MJ/kWh) 
Ideal process electricity 
(MJ/kWh) 
Substrate production 
FTO sputtering 0.0003 0.0003 
Laser substrate etching 1.1654  
Blocking layer 
deposition 
Spraying solution 0.0002 (m³ of air compressed) 
m-TiO₂ deposition 
Screen printing 0.0019 0.0019 
Annealing (550 ºC, 30 min) 5.6437 0.2373 
m-ZrO₂ deposition Screen printing 0.0019 0.0019 
Carbon deposition 
Screen printing 0.0019 0.0019 
Annealing (400 ºC, 30 min) 4.979 0.1704 
Perovskite AVA 
infiltration 
Solution preparation (70 ºC) 8.944 2.44 10⁻⁴ 
Annealing (50 ºC, 1 hour) 10.655 0.011 
Total 31.393 1.172 
 
Inventory data of the lab-scale PSC (glass/FTO/c-TiO₂/m-TiO₂/MAPI/spiro/gold) were obtained 
from a previous life cycle assessment study (Alberola-Borràs et al., 2018a) and are shown in 
Table S2, where every parameter has been readjusted for the production of 1 kWh instead of 1 
m². The diagram of the lab-scale PSC appears in Figure S4 compared with that of the pre-
industrial module. When both pre-industrial module and lab-scale PSC were contrasted, 
electron and hole transporting material (ETM and HTM) and Au cathode were equated with 
the blocking layer, the insulating scaffold and the carbon cathode respectively. 
The process of production of the lab-scale PSC consisted of a cleaning treatment of the FTO 
substrate, right before a compact TiO₂ layer deposition. This procedure consisted in etching a 
part of the FTO layer with metallic zinc and hydrochloric acid, a subsequent cleaning with 2% 
Hallmanex detergent and water, a sonication in isopropanol and acetone, a washing with 
ethanol and a final treatment with ozone plasma. Then, a mild solution of titanium 
isopropoxide in ethanol was deposited via spin-coating at 2000 rpm for 1 minute to obtain the 
the compact TiO₂ layer, after which it was heated at 120 ºC for 10 minutes and annealed at 
450 ºC for 4 hours. In this step, isopropanol and ethanol vapours were emitted to the 
atmosphere. Onto the compact TiO₂, the perovskite layer was deposited into a 400 nm thick 
mesoporous TiO₂ scaffold, where TiO₂ in ethanol was spin-coated at 4000 rpm for 60 s, heated 
at 80 ºC for 15 minutes and annealed at 450 ºC for 4 hours. In order to deposit the perovskite 
into the scaffold a mixture of methylamine iodide and lead (II) iodide in γ-butyrolactone was 
stirred for 10 minutes at 100 ºC and for 30 minutes at 70 ºC. Then, the perovskite was spin-
coated for 5 s at 500 rpm and for 60 s at 2000 rpm and finally heated at 100 ºC for 60 minutes 
in a drying oven. On top of it, spiro-MeOTAD in chlorobenzene was deposited by spin-coating 
for 30 seconds at 4000 rpm. For the back contact, gold was deposited by thermal evaporation. 
Nitrogen gas and electricity consumption of a glove box were also included in the inventory. 
The amount of electricity consumed was directly measured in the laboratory facilities and the 
amount of transportation was estimated from the supplier to Castelló (Spain). 
 Life cycle inventory assessment  
Eleven impact categories were chosen and from the most developed impact models, the most 
representative categories were selected. Seven categories out of this group are included in the 
CML baseline V3.02 (de Bruijn et al., 2002; Jolliet et al., 2003). These categories encompassed: 
abiotic depletion, abiotic depletion (fossil fuels), global warming, ozone layer depletion, 
photochemical oxidation, acidification and eutrophication. Among these categories, one of the 
most significant to measure the environmental performance of a solar energy collector device 
is global warming (also known as carbon footprint), as one of the main benefits of energy 
stemming from such devices is the mitigation of greenhouse effect. Nonetheless, the other 
categories enlisted represent a broad panoply of the most concerning categories which should 
be taken into consideration in order to avoid environmental charge transference, from global 
warming category to these categories. 
Energy is a fundamental aspect of perovskite modules as it is their only valuable output. 
Knowing the amount of energy necessary to produce them emerges as a good practice to 
envision how viable their production is. From the Cumulative energy demand method V1.09 
(CED) (Frischknecht et al., 2005), the total cradle-to-gate energy invested in the production of 
the perovskite module is obtained by adding cumulative energies obtained from the different 
renewable and non-renewable sources provided by the method. 
Pb content still remains as one of the main concerns of the possible commercialization of 
photovoltaics based on perovskite (Kadro and Hagfeldt, 2017). Therefore, it was necessary to 
include into the assessment the impact categories Human toxicity (cancer), Human toxicity 
(non-cancer) and Freshwater ecotoxicity from USEtox V1.04 method (Rosenbaum et al., 2008). 
CML, CED and USEtox methods are incorporated within the SimaPro® 8.0.3.14 software (Pré 
Sustainability, 2016). In this manuscript, abbreviations listed in Table S14 are used to name the 
selected impact categories. 
 Table S14 List of impact categories, their abbreviations, units and methodologies in which they are included, 
related to Figures 1–4 
Category Abbreviation Unit Methodology 
Abiotic depletion ADP kg Sb eq 
CML baseline V3.02 
Abiotic depletion, fossil fuels ADPF MJ 
Climate change GWP kg CO₂ eq 
Ozone layer depletion ODP kg CFC-11 eq 
Photochemical oxidation POP kg C₂H₄ eq 
Acidification AP kg SO₂ eq 
Eutrophication EP kg PO₄³⁻ eq 
Cumulative energy demand CED MJ Cumulative energy demand V1.09 
Human toxicity, cancer effects HTC CTUh 
Usetox V1.04 Human toxicity, non-cancer effects HTNC CTUh 
Freshwater ecotoxicity FET CTUe 
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